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Aerodynamic noise is important for both aviation and wind energy, with trailingedge noise, in particular, being one of the dominant noise sources in both fields.The stringent noise regulations imposed by regulatory bodies urge manufactur-
ers to reduce the noise of jet engines and wind turbines. The so-called aerofoil self-noise,
or trailing edge noise, is produced when an aerofoil is exposed to a laminar free-stream
flow. The currently available trailing edge noise reduction methods can generally be cat-
egorised as passive and active methods. The passive methods have received significant
research attention over the past few years. Active methods, on the other hand, have
received less research interest, while they could offer a better performance of noise re-
duction than passive methods.
Previous studies on active flow control methods have shown that flow injection and
flow suction can be effective tools to reduce the trailing edge noise. The underlying
physics of how these techniques suppress noise, however, has not yet been studied in
detail. This implies that our current understanding of how the active flow control meth-
ods affect the hydrodynamic pressure field within the turbulent boundary layer is rather
shallow. The current thesis, therefore, focuses on the analysis of the boundary layer and
pressure field in the vicinity of the trailing edge when flow control is applied. The un-
derstanding of the effects that flow control can have on the pressure and velocity field
can help us developing more advanced flow control methods tailored for the reduction
of trailing edge noise.
In the present work, different active flow control methods are investigated with the
aim of reducing the trailing edge noise. A flat plate test rig is built and the zero pres-
sure gradient canonical turbulent boundary layer developing on its wall was experi-
mentally studied at the open-jet return-type wind tunnel of the University of Bristol.
Flush-mounted microphones are embedded in the wall of the plate between the flow
control section and the trailing edge to study the surface pressure fluctuations exposed
on the wall by the turbulent boundary layer. The simultaneous measurement of the
surface pressure fluctuations using flush-mounted microphones and the velocity fluctu-
ations using hot-wire anemometry enables us to investigate the hydrodynamic pressure
field within the boundary layer. Three different types of active flow control techniques
are considered in the current work, namely uniform inclined flow suction, uniform in-
clined flow injection and inclined transverse jets. The developing flow pattern and the
surface pressure field are extensively studied to better understand the effects of the flow
control methods on the important trailing edge noise generation properties, as identi-
i
fied in Amiet’s model of trailing edge noise [8]. According to Amiet’s model, the product
between the power spectra of the surface pressure fluctuations and the spanwise extent
of turbulent length scales is directly proportional to the far-field noise scattered from
the trailing edge. Therefore, the reduction of this product is vital to achieve a reduction
in the predicted trailing edge noise. Amiet’s model of trailing edge noise [8] is also used
for the prediction of the far-field noise.
First, we investigate the use of uniform inclined flow suction for the manipulation
of the turbulent boundary layer and the reduction of trailing edge noise. The velocity
statistics reveal that inclined flow suction can relaminarise the boundary layer flow. As
the boundary layer reaches a laminar state, flow suction significantly reduces the trail-
ing edge noise at mid-frequencies, while some penalties are observed at low and high
frequencies. Once laminarisation is achieved, the noise reduction capabilities of flow
suction reach its maximum, and further increasing the suction rate does not provide
any additional benefit of noise reduction.
Second, flow is injected into the turbulent boundary layer in an inclined and uniform
manner. It is shown that flow injection triggers the development of a shear layer, and
the boundary layer separates from the wall as the flow injection rate increases. At low
blowing rates and injection angles, the trailing edge noise increases in a broadband
manner. Increasing the blowing rate and injection angle to moderate levels can reduce
the trailing edge noise at mid and high frequencies, while noise increase is observed
at low frequencies. A more significant noise reduction can be achieved at high injection
angles and blowing rates when the boundary layer entirely separates from the wall.
Finally, a single line of jet nozzles is installed parallel to the trailing edge of the
plate. The nozzles are inclined with respect to the free-stream flow and the nozzle spac-
ing is extensively varied. From the velocity measurements, the individual jets merge
downstream of the jet nozzles and they form a layer of jet fluid characterized by low
energy content. The estimates of the trailing edge noise show that jets injection can
reduce the trailing edge noise over the whole range of frequencies under analysis.
As seen, each of the investigated flow control methods can serve as an efficient way to
reduce trailing edge noise. These methods could be further studied using high-quality
computational fluid dynamics simulations. The measurement of the far-field trailing
edge noise at an anechoic condition could confirm the noise reduction capabilities of the
flow control methods considered in this thesis. In addition, the analysis of the velocity
and pressure field presented in this work provides a good basis to develop more complex,
periodic in nature or non-uniform flow control techniques. Installing the flow control
methods presented here on actual aerofoils, such as engine blades, propeller aerofoils or
wind turbine blades, could prove their applicability for engineering applications.
ii
ACKNOWLEDGEMENTS
Unlike in scientific journals papers, a thesis shows the name of a single authoron its front page. This, however, does not mean that it includes the work of asingle person. My PhD journey would have never been possible without the help
of several other people, therefore this work is no exception.
I would like to offer my special thanks to Dr Mahdi Azarpeyvand for giving me the
opportunity of doing this PhD. During my four years long journey, his door was always
open to discuss all the questions that showed up in my work. I am particularly grateful
for all of his helpful advice and guideline. Although I may be leaving the nest, I will
dearly miss the discussions we had through good times and difficult times. I would like
to thank Dr Daniele Fiscaletti for his support and feedback as a second supervisor over
the last year of my PhD studies.
Without my colleagues, my tests in the wind-tunnel would have been so much more
boring. I am grateful for all their feedback, collaboration and help. The high-skilled
technicians at the University of Bristol were always there for me whenever I needed
to build, change or fix something. My work would have never been possible without
their contribution and assistance. Special thanks belong to my friends, who were always
there for me through good times and bad. Last but not least, I would like to thank my








Some of the research work and results outlined in this thesis have been published in
peer-reviewed journals or presented at international conferences and forums. These
publications serve as a foundation of the thesis and are listed below:
Journal paper:
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his thesis investigates the use of active flow control methods for the reduction
of trailing edge noise. The first chapter provides context and motivation for the
current work to establish the basis of the investigation presented in the fol-
lowing chapters. Section 1.1 lists the engineering applications where trailing edge noise
is considered as a significant source of noise. The currently available trailing edge noise
reduction techniques together with their advantages and disadvantages are introduced




Aerodynamic noise is important for both aviation and wind energy. Trailing edge noise,
in particular, is one of the dominating noise source in both cases. In aviation, the reduc-
tion of trailing edge noise became one of the most widely investigated problem over the
past few decades. The noise of wind turbines is also dominated by trailing edge noise,
therefore, manufacturers are extensively studying the possibilities of reducing trailing
edge noise. The need for the reduction of trailing edge noise in these two areas are
discussed in detail in the following sections.
1.1.1 Air Traffic Noise
The popularity of air travel has seen a significant growth in the last decades. Figure 1.1
shows that the number of air travel passengers in the world increased by a factor of
eight between 1970 and 2017. The increasing demand for air travel inevitably called
for the development of new airports all around the world, particularly some of the most
populated cities. Therefore, people living in the vicinity of airports experience an in-
crease in noise pollution, either because their homes are close to the runway or they
live under busy flight paths.
The International Civil Aviation Organization (ICAO) set stringent standards on
noise emission levels around the areas affected by air traffic noise. Meeting these stan-
dards created many challenging tasks for engineers. Aircraft noise consists of two major
components, namely airframe noise and engine noise. Engine noise can be divided fur-
ther into combustion noise, fan noise, turbine noise and jet noise. Jet noise has received
a significant research attention over the last five decades [36, 49, 85, 108, 109], and
as a result, modern turbofan engines have high bypass ratios and chevrons to enhance
turbulence mixing within the jet flow. The improved turbulence mixing can reduce the
turbulent energy content of the jet flow, which is associated with lower noise emission
2
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FIGURE 1.1. The number of air travel passengers between 1970 and 2017
(ICAO [55]).
levels. Large bypass ratios require large fan diameters but turbofans must fit between
the wings of the aircraft and the ground, therefore, this space limitation has already
been reached. The reduction of broadband noise from the fan and turbine became a
critical engineering task to further reduce the overall noise signature of modern jet en-
gines. The blades of the gas turbine interact with laminar and turbulent flows both in
the compressor and turbine stages. The reduction of these complex noise sources needs
an in-depth understanding of the flow field, as well the noise generation mechanisms,
making the reduction of fan and turbine noise a challenging engineering task. The noise
emitted by the flow around gas turbine blades have been studied extensively [28]. It was
shown that the noise characteristics can be categorised as trailing edge noise, early sep-
aration and stall noise. The trailing edge is noise is the dominating source of noise in
the majority of the operating conditions. The reduction of trailing edge noise, therefore,
has become a primary interest. The current work investigates the possibility of reducing
trailing edge noise, which is an important source of aircraft noise.
3
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1.1.2 Wind Turbine Noise
Trailing edge noise is a significant contributor to the overall noise signature of wind tur-
bines. The number and the size of wind turbines have increased significantly over the
last few years. Figure 1.2 reveals that the overall capacity of the wind turbines in the
world approximately doubled over the last four years. This implies that their contribu-
tion to environmental noise has also increased significantly. Wind turbine noise levels
are relatively low, but the persistence and periodic nature of their noise characteristics
make them rather undesired in the vicinity of residential areas. At night, other environ-
mental noise levels drop, and as a result, the noise of wind turbines become even more
noticeable. A general solution to the problem is to restrict their time of operation to
daytime, which significantly decreases their overall efficiency. Therefore, reducing their
noise is an important task. The currently available noise reduction technologies can-
not meet the noise regulations of the future. Therefore, improvements to achieve lower
noise emissions are urged by wind turbine manufacturers to meet the noise standards
and to utilize the capacity of wind farms. The need for the reduction of trailing edge
noise resulted in a challenging engineering problem directing the attention towards the
development of different noise reduction techniques.
1.2 Available Noise Reduction Techniques
The possibility to reduce trailing edge noise has received significant research attention
over the last few decades. As a result, several methods have been developed to reduce
trailing edge noise [2–4, 22, 34, 51, 67, 86]. The currently available approaches can
be generally categorized as passive and active flow control methods. The efficiency of
the passive methods is limited to a given range of operating conditions and out of this
range, they might introduce undesired aerodynamic losses or even greater noise radia-
4
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Total Installed Capacity (2013 - 2018)
FIGURE 1.2. Capacity of installed wind turbines (adopted from World Wind
Energy Association [119]).
tion. Besides, the use of passive methods cannot help manufacturers to meet the strict
noise limitations of the future. Therefore, novel noise reduction techniques are required
to fulfil both current and future environmental noise regulations. The development of
new, radical methods is needed. The active flow control methods offer the possibility to
overcome the limitations of passive methods and to push the boundaries of achievable
noise reductions. Furthermore, active methods can also be used to reduce aerodynamic
losses of aerofoils, which can help manufacturers to improve operational costs. The prop-
erties of both active and passive flow control methods are introduced and explained in
further detail in Chapter 2.
1.3 Thesis Structure
In this thesis, we will perform a set of experiments to investigate the possibility of
trailing edge noise reduction using different active flow control methods. To do this, a
flat plate test rig is built, equipped with all necessary flow measurement devices and
flow control parts to manipulate the boundary layer over the trailing edge area. Exper-
5
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iments are carried out in an open-jet wind-tunnel facility using hot-wire anemometry,
flush-mounted microphones and pressure scanner to measure velocity, unsteady and
steady surface pressure, respectively. Three different types of flow control techniques
are proposed, namely uniform flow suction, uniform flow injection and inclined jets in-
jection. These methods are tailored for the reduction of trailing edge noise. This thesis
is structured as follows. The overview of the underlying physical background on trail-
ing edge noise and its reduction is presented in Chapter 2. The development of the flat
plate test rig and the flow control methods are introduced in Chapter 3. Chapters 4 to 6
provide a detailed analysis of the flow field with the use of the three different active flow
control techniques. Concluding remarks and suggestions on the possible extensions of












he overview of the important aspects of trailing edge noise and the currently
available flow control techniques are considered for discussion in the following
sections. Section 2.1 gives an overview of aerofoil self-noise and its generation.
After understanding the generation of trailing edge noise, the currently available tech-
niques for its reduction are discussed in Section 2.2. The turbulent boundary layer de-
veloping over the wall of the aerofoil plays an essential role in the generation of trailing
edge noise. Therefore, Section 2.3 provides the literature review of previous works focus-
ing on the mitigation of the turbulent boundary layer using active flow control methods.
Section 2.4 closes the chapter by listing the critical requirements of an efficient flow
control technique tailored for the reduction of far-field trailing edge noise.
2.1 Aerofoil Self-noise
Aerofoils in movement inside of a fluid emit noise as a result of interaction between the
boundary layer and the trailing edge or the tip. The phenomenon received extensive
7
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research attention in the 1970s and 1980s, when the first pioneering studies identi-
fied the different types of aerofoil-turbulence interaction noise. As shown in Fig. 2.1,
Brooks et al.[20] listed four types of aerofoil self-noise generation mechanisms, namely
(a) tonal noise emitted when a laminar boundary layer passes over a sharp trailing
edge, (b) broadband noise scattered from the trailing edge as the turbulent boundary
layer passes over it, (c) low frequency noise generated as the flow separates over the
blade and (d) tonal noise due to the development of vortex shedding behind a blunt
trailing edge.
(a) Laminar boundary layer – aerofoil self-
noise.
(b) Turbulent boundary layer – aerofoil self-
noise.
(c) Separated boundary layer – aerofoil self-
noise. (d) Blunt trailing edge vortex shedding noise.
FIGURE 2.1. Types of aerofoil self-noise mechanisms (Brooks et al.[20]).
The present work focuses on the reduction of turbulent boundary layer trailing edge
noise (TBL-TE), see Fig. 2.1(b). To reduce trailing edge noise, the physical process of
trailing edge noise needs to be understood. It was shown that as the hydrodynamic pres-
sure field associated with the turbulent boundary layer passes over the sharp trailing
edge, the pressure field scatters into sound in a dipole manner [7, 8, 19, 21, 32, 33, 88],
8
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FIGURE 2.2. Turbulent boundary layer trailing edge noise scattering mecha-
nism (Brooks and Hodgson [19]).
see Fig. 2.3. Roger and Moreau [89] explained the scattering process with the use of
the force balance of eddies. It is understood [89] that the pressure gradient and the
centrifugal forces acting on an eddy are in balance. Changes in these forces result in
the variation of inertia, which is responsible for density variations within the eddy, and
due to the laws of thermodynamics, density variations emit sound. The aforementioned
force balance is preserved in a zero pressure gradient boundary layer, but as the flow
reaches the trailing edge (i.e. a discontinuity), sudden changes are introduced in the
forces acting on these eddies. A significant reorganisation of these vortical structures
occur at the trailing edge of an aerofoil, and therefore, sound is mainly radiated from
the trailing edge.
The trailing edge noise problem has received a great deal of analytical, experi-
mental, and more recently, numerical research over the past few decades. During the
1970s, the first pioneering studies focused on the analytical description of the prob-
lem [7, 8, 21, 32, 33], because the measurement of far-field trailing edge noise was still
a challenge. The majority of these studies simplify the problem to a semi-infinite flat
plate where a zero pressure gradient boundary layer develops over the surface. From
this, a possible approach to describe the scattered far-field noise is to relate the hydrody-
namic pressure field associated with the turbulent boundary layer to the far-field noise
[32, 123]. Another possible solution is to consider the surface pressure fluctuations at
9
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FIGURE 2.3. Directivity patterns of trailing edge noise by Roger and Moreau
[88] at low-frequencies (left) and high-frequencies (right). The dashed lines
represent the predicted main trailing edge noise using Amiet’s model [7],
and the continuous lines represent the corrected trailing edge noise, where
the effect of the leading edge was taken into account.
the trailing edge as an acoustic source to describe the far-field noise, see Amiet [7, 8]
and Howe [52]. As capabilities for the measurement of far-field noise matured, it became
possible to validate the theoretical works of Amiet [7, 8] and Howe [52] against experi-
mental observations. The fundamental study of Brooks and Hodgson [19] confirmed the
validity of Amiet’s trailing edge noise model. Furthermore, they also provided a com-
prehensive experimental investigation of trailing edge noise using a two-dimensional
aerofoil exposed to a high Reynolds number flow. Brooks, Pope and Marcolini [20] car-
ried out an extensive study of far-field noise radiated by a NACA0012 aerofoil. Addition-
ally, they developed a semi-empirical model to predict trailing edge noise, which is often
referred to as the BPM model. More recently, Computational Fluid Dynamics (CFD)
calculations were performed to predict the far-field noise. CFD methods can be used
to predict the turbulent boundary layer trailing edge noise as they can resolve the un-
steady pressure and velocity fluctuations within the turbulent boundary layer. As Large
Eddy Simulations (LES) became more cost-efficient with the improvement of both the
10
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computational capabilities and the numerical methods, the underlying physics of the
trailing edge noise was investigated by many researchers [30, 114, 115, 118]. However,
due to the complexity of the problem, the numerical estimation of the far-field turbulent
boundary layer trailing edge noise still remains computationally expensive.
2.1.1 Amiet’s Trailing Edge Noise Model
The measurement of the far-field trailing edge noise requires the use of an anechoic
wind tunnel, which is very expensive, and only a scarce number of facilities exists
around the world. Nonetheless, several trailing edge noise models were developed in
the last few decades, which establish a relationship between surface pressure fluctu-
ations and the turbulence within the flow on one side, and the far-field noise on the
other side [8, 20, 87]. Therefore, the pressure and velocity measurements from conven-
tional wind tunnels can be used as input parameters for these models for predicting the
far-field trailing edge noise.
The complexity of the available trailing edge noise models spans over a wide range.
From a mathematical point of view, the simplest model, the empirical BPM [20] noise
model, was developed with the help of a large set of trailing edge noise measurements.
The TNO model [87] combines empirical observations and analytical approach to pre-
dict the trailing edge noise. Howe’s noise model [52] is one of the first purely empirical
ways of estimating the scattered noise. However, Howe’s model was found to be more
accurate at high frequencies than at low frequencies [88]. Amiet’s model [8] was proven
to be a more accurate and robust empirical technique of predicting the far-field trailing
edge noise [20, 87, 88]. Therefore, Amiet’s model received attention in the aeroacoustic
community, and several modified versions of this model were developed [88, 89]. In the
current work, Amiet’s model [8] is considered without any modification. The description
of the model is given in the following using Fig. 2.4.
11
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According to Amiet’s model, the far-field trailing edge noise (Spp) can be found from






|L |2Λz( f , r0)φpp( f , r0),(2.1)
where f denotes frequency, r0 is the centre point of the trailing edge (x = y = z = 0), c0
is the speed of sound, ξ2 = x2 + (1− u∞/c0)2 y2 is the convection-corrected far-field ob-
server distance, L is the length of the plate (chord), W is the width of the plate, L is the
gust response transfer function, Λz is the spanwise length of the energetic turbulent
structures within the boundary layer, and φpp is the power spectra of the surface pres-
sure fluctuations. Amiet’s model works under the assumption of frozen turbulence. As
seen in Eq. (2.1), the product Λzφpp drives the generated far-field noise. Therefore, the
reduction of this product is the key to the success of a noise reduction technique. The
surface pressure spectrum, φpp, is directly measured in the current work, while the Λz
can be calculated [8] from surface pressure fluctuations, measured using a lateral array





γ2z( f ,ζ) dζ,(2.2)
where γ2z( f ,ζ) represents the normalized spanwise cross-spectrum (see Eq. (3.11)) of
surface pressure fluctuations acquired from two microphones located in proximity to the
trailing edge, one at the centreline (z = 0) and the other at a spanwise distance ζ=∆z.
According to Eq. (2.2), the coherence can be interpreted as the presence of turbulent
structures of a size larger or comparable to ∆z. Amiet’s trailing edge noise model is used
in Chapters 4, 5 and 6 to investigate the effects of flow control techniques on far-field
trailing edge noise.
2.2 Trailing Edge Noise Reduction Methods
As discussed in Chapter 1, it is an important engineering task to reduce trailing edge
noise. Based on the physical process of trailing edge noise generation, two possible
12







Figure 2.4: Schematics for Amiet’s model of trailing edge noise.
strategies exist to affect the radiated sound. This can be achieved either by chang-
ing the scattering conditions at the trailing edge (i.e. the geometry) or the turbulence
properties within the turbulent boundary layer upstream of the trailing edge. Based
on these two strategies, a number of different trailing edge noise reduction techniques
were proposed over the past few decades. These techniques can be generally categorised
as passive methods and active methods.
2.2.1 Passive Methods
Passive methods modify the geometry of the aerofoil such that they reduce the effi-
ciency of the scattering mechanism. Figure 2.5 presents examples of passive trailing
edge noise reduction methods, namely trailing edge serrations [22, 67, 86], trailing edge
brushes [34, 51] and surface treatments [2–4]. Other attempts were also made to de-
velop passive methods, for example using porous material [40, 98, 99], shape optimiza-
tion and morphing [6]. Passive methods are generally effective in a given range of op-
erating conditions (i.e. Reynolds number and angle of attack), but outside of this range,
they might induce undesired losses in the aerodynamic performance. Additionally, pas-
sive methods cannot be adjusted or altered should the noise reduction requirements
change during the machine operation. As seen in Chapter 1, wind turbine and aircraft
manufacturers cannot meet the noise regulations of the future with the sole use of pas-
13
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(a) Trailing edge serrations [14]. (b) Trailing edge brushes [75].
(c) Surface treatments [4].
FIGURE 2.5. Passive methods for the reduction of trailing edge noise.
sive methods, which calls for the development of new noise reduction techniques.
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2.2.2 Active Methods
Active methods alter the hydrodynamic pressure field within the turbulent boundary
layer upstream of the trailing edge. Despite the fact that the active methods have re-
ceived a limited attention from the aeroacoustics community [15, 16, 66, 70, 73, 116,
117], they offer a number of positive aspects. Their advantages are that they can be
adjusted to meet the actual noise reduction needs, they could produce higher levels of
noise attenuation than passive methods, and they can also lead to an improvement of the
aerodynamic performance of the device. However, they require a supply of external en-
ergy, which is the main drawback of active flow control methods. An effective active flow
control method must reduce the hydrodynamic pressure fluctuations with minimum in-
take energy requirement, while not compromising the aerodynamic performance of the
aerofoil.
The two main techniques of active flow control methods are to remove air from or
to inject air into the turbulent boundary layer. Removing air is a more straightforward
way of reducing the hydrodynamic pressure fluctuations within the turbulent boundary
layer. Injecting air to the turbulent boundary layer is a more complex problem as it can
have a negative impact on the performance of the aerofoil. Active flow control techniques
have received much research interest from the aerodynamic point of view [1, 9, 17,
23, 24, 27, 29, 38, 41, 42, 46, 47, 53, 60, 84, 96, 97, 101, 112, 120–122, 124]. From
aeroacoustic point of view, however, the number of published works is rather limited
[15, 16, 66, 70, 73, 116, 117]. The aim of the current work is to reduce aeroacoustic
noise. Therefore, the review of the aerofoil self-noise tailored flow control investigations
is provided in the following paragraphs.
Flow suction upstream of the trailing edge was investigated in a limited number of
studies by Wolf et al. [117], Lutz et al. [66], Matera [70] and Arnold et al. [15, 16]. Wolf et
al. [117] studied experimentally the effects of flow suction on trailing edge noise, see
15
CHAPTER 2. LITERATURE REVIEW
Fig. 2.6. They installed an area of flow suction which consists of four chambers (C1-C4)
on a NACA 643-418 aerofoil, see Fig. 2.6(a). Their study lacks the direct measurement
of far-field noise, but they used an indirect noise measurement technique, which relies
on hot-wire anemometry (Coherent Particle Velocimetry [82]) to predict the broadband
far-field noise. The applied flow control severity (CQ) was kept constant, while flow suc-
tion was applied trough chambers C1 and C2 (i.e. further upstream of the trailing edge)
or C3 and C4 (i.e. closer to the trailing edge) to study the effects of the location of flow
suction. The mean and root mean square (rms) velocity results obtained immediately
downstream (1 mm) of the blade are shown in Fig. 2.6(b). The velocity results indicate
that the suction reduces the velocity deficit in the flow and it significantly reduces the
turbulent energy content within the boundary layer. They reported a reduction of up
to 5 dB in the predicted far-field noise below 3 kHz, with some penalties at high fre-
quencies (3-5 kHz), see Fig. 2.6(c). The study presented by Wolf et al. [117] is limited to
the measurement of the mean and rms velocity profiles, which fails to explain the hy-
drodynamic effects of flow suction within the turbulent boundary layer. Lutz et al. [66]
performed Reynolds averaged Navier-Stokes (RANS) simulations using the geometry of
the same NACA 643-418 aerofoil as Wolf et al. [117]. The results of the RANS simula-
tions match the mean and rms velocity results presented by Wolf et al. [117].
Matera [70] developed a trailing edge noise reduction method which relies on RANS
simulations. In his thesis, a set of turbulent parameters are derived and used to predict
the trailing edge nose. These parameters rely solely on computationally efficient RANS
simulations. RANS simulations were then performed on a NACA64-418 aerofoil with
flow suction. These simulations showed a significant reduction of the far-field noise (4-
5 dB), which indicates that flow suction can be an effective way of reducing the trailing
edge noise.
A number of active flow control studies focused on trailing edge blowing [18, 39, 65,
16
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(a) Test rig.
(b) Boundary layer data 1 mm downstream of the trailing edge.
(c) Prediction of far-field noise.
FIGURE 2.6. Study on the effects of flow suction upstream of the trailing edge
of a NACA 643-418 aerofoil by Wolf et al. [117].
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73, 107, 116]. The majority of these studies address the reduction of rotor wake-stator
interaction noise of jet engines using trailing edge blowing with the intention of filling
the wake behind the blades [18, 65, 107]. It was shown that filling the wake can be an
effective tool to reduce the wake-interaction noise. Furthermore, this technique can also
improve the aerodynamic performance of the jet engine by filling the wake of the blades.
As seen in Section 2.2, the mitigation of the hydrodynamic pressure field upstream of
the trailing edge is required to reduce the trailing edge noise. Therefore, flow injection
needs to be applied upstream of the trailing edge. It can be anticipated that flow in-
jection upstream of the trailing edge can improve the aerodynamic performance of the
blades, because it can fill the wake of the blades.
A more recent study by Winkler et al. [116] investigated experimentally trailing edge
blowing for turbomachinery noise reduction. They applied flow injection upstream of a
NACA 6512-63 aerofoil’s trailing edge, see Fig. 2.7(a). Although, the primary purpose of
their study was to reduce rotor wake-stator interaction noise, their work also investi-
gated the aeroacoustic emissions of a single NACA 6512-63 aerofoil using flow injection.
Two configurations of tangential blowing were considered, namely, blowing air through
a single long spanwise slot and several short spanwise slots upstream of the trailing
edge. It was shown that trailing edge blowing can be used to reduce turbomachinery
noise. Winkler et al. [116] predicted a reduction of up to 10 dB at 700 Hz in the far-field
trailing edge noise with blowing control, see Fig. 2.7(b). The far-field noise was afflicted
with significant penalties at high frequencies (above 2 kHz), which were found to be
due to the self-noise of the injected jets. To overcome these penalties, they suggest the
use of porous materials downstream of the flow control treatment. When flow injection
was combined with a porous material, they reported a far-field noise reduction of up to
2.9 dB and 4.1 dB when blowing air through a single long spanwise slot and several
short spanwise slots upstream of the trailing edge, respectively. Although, Winkler et
18
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Figure 3. Dimensions of the channels.
length c = 0.135 m and a span L = 0.18 m. They are placed 0.56c downstream from the nozzle exit
plane and are held between two horizontal side plates fixed to the nozzle of the open-jet wind tunnel (see
Fig. 4(a)). These plates are 0.18 m (1.33c) apart. The width and height of the square jet are d = 0.18 m.
The investigated Mach number is M = 0.063, and the Reynolds number is Rec = 204, 000.
The acoustic far-field is measured with two 1/2” Brüel & Kjær free-field microphones which are installed
on an arc centered around the trailing edge of the airfoil, as shown in Fig. 4(b). The two tandem spacings
of ∆x/c = 0.5 and ∆x/c = 1 are considered.
The unsteady pressure evolution on the airfoil models with and without TEB are measured at distinct
chordwise and spanwise locations. Miniature FG-3329-P07 microphones from Knowles Acoustics are used
as pressure sensors. Because of spatial constraints, the sensors are mounted externally and are connected
to the airfoil surface via capillary tubes inside the model. Each sensor is calibrated with white noise, where
a reference microphone recorded simultaneously the signal, so that a transfer function could be determined
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(b) Acoustic far-field predictions for the blowing
case. Levels are referenced to the no injection case.
Increasing blowing rates are shown from light
grey to black.
FIGURE 2.7. Trailing edge blowing by Winkler et al. [116].
al. [116] measured the surface pressure spectra in the close vicinity of the trailing edge,
which, according to Amiet’s trailing edge noise model [8], is one of the most important
information of the hydrodynamic pressure field, their study lacks an in-depth analysis
of the hydrodynamic pressure field within the turbulent boundary layer. Their study,
however, confirms that flow injection can be an effective tool to reduce the far-field trail-
ing edge noise.
Arnold et al. [15, 16] studied the effects of a flow control system on the overall noise
performance of a 5 MW state-of-the-art N117 type wind turbine. They proposed the
combined use of blowing and suction on wind turbine blades, as shown in Fig. 2.8. It
is shown that installing the air pump on a wind turbine blade can be an engineering
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FIGURE 2.8. Trailing edge suction and blowing on a wind turbine blade by
Arnold et al. [16].
challenge, as fitting the pipes and the pump within the blade can be a difficult task.
Their flow control system provided an overall noise reduction of 3.6 dB coupled with a
net enhancement of total rotor power of 4.75 %.
In general, the studies introduced in this section showed that active methods have
the potential to reduce trailing edge noise. The effects of the flow control techniques on
the trailing edge noise generation process needs to be understood to develop flow control
methods for the reduction of trailing edge noise. The studies available in the literature
fail to provide an in-depth analysis of the effects blowing and suction have on the sur-
face pressure fluctuations and boundary layer turbulent length scales. To improve our
understanding of the previously presented flow control methods, the effects of flow con-
trol on the turbulent boundary layer need to be better understood. The present work,
therefore, aims to analyse these effects to fill this gap in the literature. Our understand-
ing of the effects of flow control techniques on the hydrodynamic pressure field within
the turbulent boundary layer can be improved by simultaneous hot-wire and surface
pressure measurement. These investigations can help us to better understand the in-
teraction between boundary layer turbulence and flow control. From this, the currently
available flow control methods can be improved.
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2.3 Effects of Flow Control Methods on Boundary
Layers
In order to develop flow control methods tailored for the reduction of trailing edge noise,
their effects on the turbulent boundary layer need to be understood. The current sec-
tion, therefore, provides an overview on the effects flow control methods can have on
a turbulent boundary layer. These effects were investigated in the past in a number
of works [11, 12, 25, 76–80]. The majority of these studies concentrate mainly on the
effects of flow control methods from a turbulence point of view. In order to evaluate the
noise reduction capabilities of these flow control techniques, their effects on the surface
pressure fluctuations also need to be assessed. However, the literature fails to provide
this information, as only a few studies exist which discuss the changes flow control
methods have on the hydrodynamic pressure field associated with the turbulent bound-
ary layer. Based on the studies presented in Section 2.2, three different types of flow
control techniques are considered in the current work, namely, uniform flow suction,
uniform flow injection and inclined transverse jets. These flow control techniques have
already been studied in the past, and the better understanding of their effects on tur-
bulence can help us develop improved flow control methods to reduce the trailing edge
noise.
A simple way to manipulate the boundary layer is to apply uniform suction through
the wall. This type of flow control technique has been widely studied in the past for aero-
dynamic purposes [11, 12, 25, 58, 76–80], therefore, it is introduced first in Section 2.3.1.
The aerodynamic effects of uniform blowing has also been studied before, but due to the
complexity of the resulting flow structure, more advanced techniques, such as higher or-
der computational methods and optical non-intrusive measurement techniques (LDA,
PIV), are required to resolve the developing flow pattern [10, 35, 58, 62, 79, 100]. The
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effects of uniform blowing into a turbulent boundary layer is discussed in Section 2.3.2.
The use of uniform steady flow control techniques can require a significant amount
of external energy [50, 64], therefore, their power intake needs to be kept low enough
to ensure an efficient operation. Attempts on the application of flow control systems to
improve aerodynamic performance purposes though commercial aircraft [50] test rigs
have shown that there is a significant technology gap between the required power by
the flow control system and the available power from the jet engines [64]. This gap
originates by the fact that the energy requirement of active flow control for aerodynam-
ics tailored applications scales with approximately 10−3 of the flow total energy [64].
The energy of the turbulence induced noise by contrast scales with 10−6 portion of the
flow total energy, therefore, it is expected that flow control systems can be applied with
higher efficiency for noise reduction purposes. Still, it is important to keep the energy
requirements of the flow control methods low.
A possible way to reduce the power requirement of a flow control system is to create
a non-uniform distribution of flow control technique, for example by injecting individual
jets into the turbulent boundary layer. Such flow structure has been widely studied over
the last six-seven decades, and the developing flow pattern is relatively well understood
[59, 69]. The problem is known as jets in a cross-flow or transverse jets. The effects of
transverse jets on boundary layer turbulence will also be discussed in Section 2.3.3.
2.3.1 Uniform Flow Suction
It is understood from Amiet’s model of trailing edge noise, see Section 2.1.1, that the
product between the power spectra of the surface pressure fluctuations and the span-
wise length scale of turbulent structures drives the generation of trailing edge noise.
Therefore, reducing this product can reduce the trailing edge noise. Both the power
spectra of the surface pressure fluctuations and the spanwise length scale of turbulent
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structures are associated with the hydrodynamic pressure field within the turbulent
boundary layer. Therefore, a possible way to reduce this product is to generally reduce
the properties of the boundary layer, such as its thickness, momentum thickness, dis-
placement thickness, energy content, etc. A possible way to reduce these quantities is
to remove a portion of the boundary layer using uniform flow suction through the wall.
In the pioneering study of Antonia et al. [11], flow visualisation was performed on a
flat plate downstream of a flow injection and suction slit. In their experimental work,
the surface of the flat plate was heated, and temperature fluctuations were measured
downstream of the flow control treatment. They applied flow visualisation with injecting
dye into the boundary layer from the wall. They reported two types of events as an
effect of the flow control, a sudden decrease (cooling) or a sudden increase (heating)
in temperature. These investigations revealed that suction increases the time length
of these events. The flow visualisation studies showed that flow suction reduces the
average frequency of the dye ejections into the outer layer, which is an indication of
reduced turbulence intensity within the boundary layer.
The work of Antonia et al. [11] was followed by a series of in-depth experimental
investigations on the effects of concentrated flow suction on a low Reynolds number
turbulent boundary layer by Antonia et al. [12] and Oyewola et al. [76–78]. They ap-
plied a wide range of flow control severity rates (σ), which is defined as the ratio of the






where uAFC is the normal velocity component of the air passing though the flow control
treatment, b is the streamwise length of the flow control treatment, u∞ is the free-
stream velocity, θ0 is the momentum thickness of the undisturbed boundary layer (with
0 subscript referring to the baseline case), and Cq = uAFC/u∞ is the suction coefficient.
Assuming that the boundary layer momentum thickness (θ0) is approximately one-tenth
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(a) Dimensionless velocity profiles downstream of
the flow suction treatment with x = 0 located at the
downstream end of the suction slit. Legend: σ= 0 :
©; σ= 2.6 :2; σ= 5.2 : 4; σ= 6.5 : ∇; Spalart [104]
(Reθ = 670) : −; Blasius [95]: −−
(b) Time history of velocity signals downstream
of the flow suction slit (x/δ0 = 15) at various flow
suction severities (σ).
FIGURE 2.9. Effects of wall suction on a turbulent boundary layer (Antonia et
al. [12]).
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of the boundary layer thickness (δ) [83, 95], the use of σ= 10 flow suction could remove
the entire boundary layer. However, Antonia et al. [12] observed a laminar boundary
layer at σ= 2.6. Other flow suction studies [12, 25, 76–78] also reported that boundary
layer suction can laminarise the flow. Boundady layer laminarisation was confirmed by
dimensionless velocity profiles (u+(y+)), which follow the shape of a laminar boundary
layer (i.e. Blasius profile [83, 95]), and by the lack of fluctuations in the time history of
velocity, see Fig. 2.9. The flow suction was also found to be effective in reducing the flow
energy content, which is the basis of reducing the energy content of the surface pressure
fluctuations. The streamwise length of the flat plate in the experimental campaigns of
Refs. [12, 76–78] was large enough to ensure the redevelopment of a turbulent boundary
layer downstream of the flow control section. It was shown that the flow required a
streamwise length of 20δ0 for redevelopment when the critical flow severity (σ = 2.6)
was applied, which is an indication that flow suction has a robust, stable and long-
lasting effect on the boundary layer. Therefore, it is anticipated that the effect of flow
suction can last over a long streamwise distance after the flow suction section. This can
ease the geometry constraints of a flow control system when applied to an aerofoil, as
the trailing edge region is usually thin, making it rather difficult to mount or install
additional features in its vicinity.
Agrawal et al. [5] performed two-component laser Doppler anemometry (LDA) and
laser-induced fluorescence (LIF) measurements in the vicinity of a flow suction slit.
Their results showed that the use of a severe flow suction (σ= 5.2) can trigger reverse
flow downstream of the flow control section. In addition, their two-point velocity corre-
lation results showed that flow suction removes turbulent structures from the boundary
layer. They reported that a new inner-layer forms downstream of the flow control sec-
tion, where a smaller amount of wall-normal and spanwise oscillations were observed.
This effect can indicate a reduction of the spanwise extent of the turbulent structures,
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FIGURE 2.10. The three-dimensional view of vortices within the turbulent
boundary layer (Park and Choi [79]): (a) Uniform blowing and (b) uniform
suction.
which is anticipated to help the reduction of trailing edge noise.
In their pioneering study, Park and Choi [79] performed direct numerical simula-
tions (DNS) to study the effects of flow suction and flow injection on a zero pressure
gradient turbulent boundary layer. They investigated the changes to the turbulence
budgets, skin friction and turbulence intensities as a result of flow suction and blowing.
In their low Reynolds number DNS simulations (Reδ∗ = 500), the flow control velocity
was kept below 10% of the free-stream velocity, which was found to be sufficient for al-
tering the boundary layer structure. Their numerical domain allowed the investigation
of the long-term effects of the flow control methods on the turbulent boundary layer.
The DNS results also enabled the calculation of turbulence budgets. This can help the
understanding of how flow suction affects the turbulent structures within the turbulent
boundary layer. Park and Choi [79] showed that uniform flow suction can bring stream-
wise vortices closer to the wall, while the viscous diffusion increases, see Fig. 2.10(b).
The combination of these effects results in the break-up of the turbulent structures and
the reduction of turbulence intensities and Reynolds shear stresses downstream of the
flow control section.
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2.3.2 Uniform Flow Injection
Studies investigating the effects of flow suction usually discuss the use of flow injection
as well. The two cases differ only in the direction of the flow control. It is rather simple
to reverse the flow direction in both experimental and computational works. Therefore,
many studies listed in Section 2.3.1 also study the effects of flow injection. The under-
lying physics of blowing, however, is significantly more difficult to that of flow suction.
The in-depth investigation of flow injection requires either numerical approach or non-
intrusive measurement techniques due to the three-dimensionality of the developing
flow-field.
The first DNS studies were performed in the 1990s by Sumitani and Kasagi [106]
and Park and Choi [79]. Sumitani and Kasagi [106] performed DNS on a channel flow
with isothermal heated walls in place of uniform suction at low Reynolds number (Reτ =
150). Their study investigates mean velocity and temperature profiles, Reynolds stresses,
and the components of turbulent energy. They reported that flow injection activates
near-wall turbulence. It was found that blowing increases the occurrence of coherent
streamwise vortical structures.
A more detailed study on the effects of flow injection and suction on a turbulent
boundary layer was provided by Park and Choi [79]. They investigated the changes to
the turbulence budgets, skin friction and turbulence intensities as a result of flow in-
jection. In their low Reynolds number DNS simulations (Reδ∗ = 500), the flow injection
velocity was kept below 10% of the free-stream velocity, which was found to be sufficient
for altering the boundary layer structure. Their numerical domain allowed the investi-
gation of the long-term effects of the flow injection on the turbulent boundary layer. The
DNS results also enabled the calculation of turbulence budgets. This can help the un-
derstanding of how flow injection affects the turbulent structures within the turbulent
boundary layer. Their DNS results revealed that blowing reduces the skin friction in
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the vicinity of the blowing slit, and it lifts the streamwise vortices away from the wall,
see Fig. 2.10(a). As the vortices move away from the wall, they experience a drop in
the viscous diffusion. As a result, turbulence intensities increase together with the skin
friction downstream of the flow control slot. They also reported that the velocity fluctu-
ations within the boundary layer show a quick response and slow recovery for blowing,
compared to suction.
In a more recent work, Kametani and Fukagata [58] investigated uniform bowing
and uniform suction using DNS at a significantly higher Reynolds number compared
to previous studies [79, 106]. Their study discusses the effects of uniform blowing and
suction on skin friction, boundary layer thickness, Reynolds shear stresses, convection
velocity, and boundary layer spatial development. Their results showed agreement with
the results of Park and Choi [79], such as uniform blowing reduces friction drag and
enhances turbulent motions, and uniform suction increases friction drag and results in
the reduction of turbulence.
As seen, perpendicular flow injection enhances the turbulent energy within the
boundary layer. According to Amiet’s model of trailing edge noise [8], the product be-
tween the power spectra of the surface pressure fluctuations and the spanwise extent
of turbulent length scales is proportional to the far-field noise scattered from the trail-
ing edge. The increase of flow energy content could also increase the energy content
of the surface pressure fluctuations, which could result in far-field noise increase. The
effects of inclined flow injection on the spanwise extent of turbulent length scales is not
yet fully understood. Therefore, the overall effects of perpendicular blowing on trail-
ing edge noise are yet to be studied as the currently available works fail to provide
detailed information. In addition, the currently available studies in the literature in-
vestigate the turbulent statistics in the vicinity of perpendicular blowing and they fail
to provide the description of the flow pattern when inclined blowing is applied. Inclined
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blowing, however, was applied in a number of aerodynamic tailored flow control stud-
ies [27, 29, 38, 122, 124]. These studies lack the aeroacoustic performance of inclined
flow injection.
2.3.3 Transverse Jets
The problem of a jet in a cross-flow has received significant attention in the past decades
[37, 68, 69, 74]. Although the geometry of the problem is simple, this configuration can
result in a range of different complex flow structures, which were observed to change
with the jet nozzle velocity, the cross-flow velocity, and the jet inclination angle. In par-
ticular, two main non-dimensional parameters were observed to govern the problem,
namely the jet velocity ratio, r, which is the ratio of jet velocity (u jet) to the cross-flow
velocity (u∞), and J = % jetu2jet/%∞u2∞, the momentum flux ratio. The schematic of the
developing flow pattern is shown in Fig. 2.11. Fric and Roshko [37] reported that when
a jet enters into a cross-flow, a counter-rotating vortex pair appears in the jet plume.
Additionally, hairpin vortices develop on the leeward side, and horseshoe vortices form
in the boundary layer upstream of the jet (see Fig. 2.11). These flow features are ob-
served for all jet velocity ratios (r), while the path of the jet depends on r. At r < 2, the
jet remains close to the wall, and only a counter-rotating vortex pair can be identified
downstream. At r > 2, the jet can penetrate the free-stream flow, and the flow pattern
becomes more complex, see Fig. 2.11.
Jet flows can be observed to interact with a cross-flow in many engineering applica-
tions, such as jets cooling the blades of gas turbine engines, or controlling the levels of
nitrogen oxide produced in the combustion chamber of an internal engine, or enhancing
turbulent mixing. Several experimental and numerical studies have been performed to
mimic the engineering problem of the turbine blade cooling, with the aim of enhancing
the cooling performance of the system [54, 56, 90, 113]. In particular, low velocity ratio
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(a) CFD results at r = 5.7 (Muppidi & Mahesh [74])
(b) Flow structure model at 2 < r < 10 (Fric
and Roshko [37])
FIGURE 2.11. The flow structure downstream of a transverse jet in incom-
pressible flow.
jet injections (r < 2) were considered for boundary layers at a laminar regime, or at a
low Reynolds number. The jets were observed to form a stable fluid film over the surface
to cool and to isolate the high temperature mean flow from the blades. The jet incidence
angle was also investigated by Taylor [13, 110, 111]. It was found that, if the jet inclina-
tion angle is kept below α= 30◦, the boundary layer flow remains attached to the wall.
This ensures that the jets sustain the aerodynamic performance of the turbine blades.
Significant differences exist between the application of transverse jets to enhance
the cooling of a turbine blade and what proposed here for reduction of trailing edge
noise. As a comparison between trailing edge noise reduction and turbine blade cooling,
the cross-flow in the former has higher turbulence levels and larger ratios of boundary
layer thickness to the jet diameter. These differences make the characterisation of the
flow observed in the turbine blade cooling not particularly relevant to the problem of
trailing edge noise mitigation. Previous studies, focusing on transverse jets, lack de-
tailed surface pressure measurements, which could help us to understand the effects of
transverse jets on far-field trailing edge noise. This results in a gap in the literature.
Therefore, the aim of the current experimental work is to fill this gap by investigating
the effects of transverse jets on turbulence statistics and surface pressure fluctuations.
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2.4 The Requirements of an Efficient Flow Control
Method
After the overview of various flow control techniques in Section 2.3, the essential re-
quirements of a flow control method tailored for the reduction of trailing edge noise are
listed here. In general, an effective active flow control method must reduce the hydrody-
namic pressure fluctuations at the price of a low energy intake, while not compromising
the aerodynamic performance of the aerofoil. Amiet’s model of trailing edge noise [8] (see
Section 2.1.1) suggests that the far-field trailing edge noise can be reduced by reducing
the product between the hydrodynamic pressure fluctuations and the length scales of
turbulent structures. The hydrodynamic pressure fluctuations can be reduced by in-
troducing a low momentum fluid to the turbulent boundary layer which is associated
with low turbulent intensity. With regard to reducing the turbulent length scales of the
boundary layer structures, the proposed flow control should be able to break-up the tur-
bulent structures within the boundary layer. The requirement of low energy intake can
be achieved in two ways, keeping the flow rate low, and/or keeping the area of the flow
control section low. Also, the flow control methods must not trigger flow separation to
ensure that the aerodynamic performance of the aerofoil is maintained.
To reduce the hydrodynamic pressure fluctuations, flow suction can be a robust so-
lution which removes turbulent structures from the boundary layer. Blowing air per-
pendicular to the wall, on the other hand, can trigger flow separation and can increase
turbulent intensity. The problem can be resolved by inclining the injected air and keep-
ing the injection rate low, and in turn, the blown-in air can be expected to remain in the
close vicinity of the wall. The injected air must have a low turbulence intensity to sup-
press the energy content of the boundary layer. The combination of the inclined blowing
with low flow rate could result in a low energy intake, which is another important aspect
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of an efficient flow control method.
Keeping the energy intake of the flow control method low can be ensured by distribut-
ing the flow control in a non-uniform fashion. To do this, installing a number of jets as
a flow control method upstream of the trailing edge is a possible solution. An example
of a jet injection is the film cooling used for turbine blades and slotted wings, which
was observed to create a stable fluid layer over the wall. Another possibility to keep the
energy intake of the flow control low is to keep the flow rate low, as the required power
of pumps are directly proportional by the volume flow rate they deliver.
The requirements of efficient flow control techniques listed in the present section
were of major concern during the design phase of the currently proposed flow control













he experimental facility, the flat plate test rig, its instrumentation, the mea-
surement techniques, the geometrical properties of the flow control methods
under investigation and the assessment of the baseline case are introduced
in the present chapter. Experiments were performed on a zero pressure gradient flat
plate test rig to investigate the effects of different flow control methods on the hydrody-
namic pressure fluctuations associated with the turbulent boundary layer. As discussed
in Chapters 1 and 2, the aim of the current work is to study the effects of different
flow control methods on trailing edge noise, generated when the hydrodynamic pres-
sure fluctuations pass over a sharp trailing edge. Therefore, a flow control section is
installed on the flat plate test rig upstream of its sharp trailing edge. The test rig is in-
strumented with a surface microphone array, whose microphones are embedded in the
surface to characterise the unsteady pressure fluctuations on the surface of the plate
near its sharp trailing edge. In addition, hot-wire anemometry is used to quantify the
flow behaviour within the boundary layer. The flow control section of the test rig is used
to manipulate the hydrodynamic pressure fluctuations within the turbulent boundary
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layer.
In the current chapter, the wind tunnel facility is introduced first in Section 3.1, fol-
lowed by the geometrical description of the test rig in Section 3.2. Section 3.3 provides
a detailed description of the measurement techniques including the properties of the
sensors used in the current experimental campaigns and their calibration procedure.
Besides, the properties of the data acquisition system are also given in Section 3.3.
The uncertainties associated with the measured physical quantities are evaluated in
Section 3.4. The definitions of quantities calculated from the measured pressure and
velocity data are listed in Section 3.5. The properties of the fan used for driving air
through the flow control section to manipulate the boundary layer is provided in Sec-
tion 3.6. The geometrical description of the flow control techniques employed in the
current work is given in Section 3.7. Finally, Section 3.8 introduces the properties of the
canonical turbulent boundary layer over the wall of the test rig without the use of flow
control techniques (i.e. the baseline case).
3.1 Wind Tunnel Facility
Experiments were conducted in the open-jet close-circuit wind-tunnel facility of the Uni-
versity of Bristol (see Fig. 3.1). The nozzle of the wind tunnel has a 4:1 contraction ratio
and it has a circular exit nozzle with 1 meter diameter. The length of the test section is
2 m. The wind tunnel can provide a stable flow speed between u∞ = 8 m/s and 38 m/s.
The typical turbulence intensity in the test section is 1.75 %.
3.2 Flat Plate Test Rig
The current work investigates the effects of active flow control methods on a zero pres-
sure gradient turbulent boundary layer. The flow control methods investigated in the
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FIGURE 3.1. The open-jet close-circuit wind tunnel facility.
current thesis are used for the reduction of trailing edge noise. In the case of engineering
applications, where trailing edge noise is of high importance, the flow around the aero-
foil is associated with high Reynolds numbers (Re > 106). A test rig, which consists of a
long flat plate is, therefore, required to ensure the development of a turbulent boundary
layer with a sufficiently large Reynolds number (Re = u∞L/ν). A modular flow control
section is also required to enable the assessment of different flow control techniques.
From the instrumentation point of view, the use of flush-mounted microphones allows
the measurement of surface pressure fluctuations, which can be used to predict the
far-field trailing edge noise with the help of Amiet’s trailing edge noise model (see Sec-
tion 2.1.1).
The rig used in the current work consists of two parts (see Fig. 3.2), namely a base-
plate and an upstream extension. The aluminium base-plate has a streamwise length
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FIGURE 3.2. A picture of the test rig during the wind tunnel measurements.
of 400 mm, and a spanwise length of 715 mm, see Fig. 3.3(a). The base-plate accommo-
dates the flow control section, the flush-mounted microphones, and it ends in a sharp
(12◦) trailing edge. The base-plate is extended upstream with the use of an extension
part to ensure the development of a thick and canonical turbulent boundary layer asso-
ciated with a sufficiently large Reynolds number. The fully assembled set-up (base-plate
and upstream extension) has an overall streamwise length of L = 1000 mm, a width of
W = 715 mm, and a thickness of 30 mm, see Fig. 3.3(b). The leading edge of the plate has
a semi-elliptical shape to avoid flow separation at the leading edge. The development
of a turbulent boundary layer is ensured with the use of an 80-grit sandpaper with a
length of lT = 80 mm mounted immediately downstream of the elliptical leading edge,
see Fig. 3.3(b). Downstream of the flow trip, the boundary layer travels a streamwise
length of lAFC = 600 mm before it reaches the flow control section. The flow control sec-
tion is located between 700 and 850 mm downstream of the leading edge, and 110 mm
upstream of the trailing edge. The flow control section is followed by the sensing area,
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FIGURE 3.3. The base-plate (a) and the schematic of the rig (b).
where a total number of 22 microphones are flush-mounted to the surface of the rig. The
coordinates of the flush-mounted microphones are listed in Table 3.1 and the locations
of the microphones are depicted in Fig. 3.4. The microphone array consists of stream-
wise and spanwise arrays, see Fig. 3.4. The microphones are uniformly distributed in
the streamwise direction, while the distribution of the spanwise microphones follows a
uniform spacing on a logarithmic scale. In the current work, the spanwise coherence
is measured at a streamwise distance of 14.6 mm upstream of the trailing edge (see
Fig. 3.4). The thickness of the plate at this location is larger than the height of the mi-




Dantec 55P16 type single-sensor hot-wire sensors were used to measure the stream-
wise velocity component, see Fig. 3.6. The sensing element of the hot-wire probe is a
platinum-plated tungsten wire, which is 5 µm in diameter and 1.25 mm in length. The
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TABLE 3.1. Coordinates of the flush-mounted microphones.
Microphone Distance from Distance from
























probes were operated by a Dantec StreamWare Pro CTA91C10 constant temperature
anemometer (CTA) at an overheat ratio of 1.8 [57]. The CTA module performs analogue
low-pass filtering with a corner frequency of 30 kHz, and temperature correction of the
probe signal before sending the electric signal to the data acquisition system.
The hot-wire probes were calibrated on a daily basis with the use of a Dantec 54H10
calibrator (see Fig. 3.7), which delivers a jet flow with a known constant jet velocity
(1.5 m/s and 60 m/s). This enables us to use a two-point calibration technique. A fourth
order polynomial (n = 4) curve fit establishes the link between the voltage reading of
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(a) The layout of the surface pressure sensors on the rig.
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(b) A picture of the instrumented
area of the rig.
FIGURE 3.4. The layout (a) and a picture (b) of the flush-mounted microphone
array.
the hot-wire sensor (E) and the velocity (u) as
u = c0 + c1E+ c2E2 + c3E3 + c4E4,(3.1)
where c1 through c4 are the calibration constants, and E is the voltage reading of the
hot-wire sensor. The uncertainty of the resulting velocity value can be found with the
help of the software operating the CTA module [57], which reported that the uncertainty
of the velocity measurement is less than 0.5 % over the investigated range of velocities
(0-40 m/s). A more detailed description of the measurement uncertainties relevant to the
current work is provided in Section 3.4. A typical calibration curve and the correspond-
ing estimation of the uncertainty are shown in Fig. 3.5. The probes were traversed with
the use of two ThorLabs LTS300/M type traverse units during the measurements, with
both axes having a traversing range of 300 mm × 300 mm and a positioning accuracy of
0.01 mm.
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FIGURE 3.6. The hot-wire sensor positioned above the rig.
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(a) A picture of the hot-wire





FIGURE 3.7. (a) The calibrator unit and (b) the hot-wire sensor.
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3.3.2 Unsteady Pressure Measurement
The surface pressure fluctuations are measured in the current study with the use of
flush-mounted microphones. A picture of the flush-mounted microphones is shown in
Fig. 3.4, and the coordinates of the microphones are provided in Table 3.1. The proper-
ties of the microphones, their mounting conditions and the procedure used for their cal-
ibration are described in the current subsection. The microphones were flush-mounted
in the rig, and they were calibrated prior to each measurement campaign.
3.3.2.1 Microphone Properties
The surface pressure fluctuations are measured with the use of FG-23329-P07 type
Knowles microphones, see Fig. 3.8. The microphones are omnidirectional electret con-
denser microphones, with an approximately constant sensitivity at frequencies between
100 Hz and 10 kHz, as reported by the manufacturer. They have an outer diameter of
2.6 mm, and a circular sensing area with a diameter of 0.8 mm, see Fig. 3.8.
The microphones are flush-mounted in the rig under a pinhole configuration, see
Fig. 3.9. As the rig is made of an electrically conducting material (aluminium), the cap-
sule of the microphones, which takes part in the electrical circuit of the microphones,
need to be isolated from each other to avoid electrical surge between the circuits of the
microphones. The microphones are insulated from each other with the use of plastic
caps fitted on each microphone, see Fig. 3.9. Rapid prototyping technology was used to
manufacture the microphone caps. The microphones with the caps are mounted in the
flat plate, and a thin self-adhesive sheet is placed on top of the plate.
Schewe [93] investigated the effects of using flush-mounted microphones on the mea-
sured hydrodynamic pressure fluctuations associated with a turbulent boundary layer.
It was found that the finite length of the pinhole on the surface of the test rig, where the
microphones measure the pressure signal, can perturb the turbulent boundary layer. It
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(c) The mechanical drawing of the Knowles microphones.
FIGURE 3.8. (a) The FG-23329-P07 type Knowles microphone and the G.R.A.S.
40PL microphone, (b) a close picture of the Knowles microphone and (c)
mechanical drawing of the Knowles microphone as provided by Knowles
Electronics.
is essential to keep the size of this pinhole small to avoid the disturbance of the turbu-
lent boundary layer. To this end, pinholes with a diameter of dp = 0.4 mm were cut onto
the self-adhesive sheet using laser cutting technology. Schewe [93] reported that keep-
ing the dimensionless pinhole diameter (d+ = dpuτ/ν) below d+ = 19, the discontinuity
introduced on the surface does not affect the boundary layer. The current configuration
resulted in d+ values ranging between 8 and 17 (u∞ = 10−20 m/s), which indicates that
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0.4 mm pinhole
Microphone cap
Head of the microphone
Self adhesive sheet
Rig cross section
FIGURE 3.9. The pin-hole mounting configuration of the Knowles microphones.
the disturbances introduced by the pinhole can be assumed negligible.
3.3.2.2 Pressure Transducer Calibration Procedure
The Knowles microphones are calibrated based on a procedure as described by Mish [71].
This calibration process is used to determine a transfer function, which establishes the
link between the measured voltage of the Knowles microphones and the correspond-
ing pressure exerted on the sensing area of the microphone. The calibration procedure
is based on comparing the signal of the Knowles microphones against the signal from
a reference microphone. The reference microphone in the current study is a G.R.A.S.
40PL piezoelectric microphone, which has a flat frequency response at frequencies be-
tween 10 Hz and 10 kHz. The sensitivity of the reference microphone is provided by
the manufacturer, see Fig. 3.11. The basis of the calibration procedure is that the same
pressure signal is simultaneously measured by the two microphones.
A calibrator unit was designed to establish a repeatable acoustic signal, see Fig. 3.10(b).
The unit consists of a Visaton FRS 8 type speaker, a cone, a metal tube, an end-cap and
the reference microphone, see Fig. 3.10(b). A broadband white noise signal is produced
by a signal generator, and the signal is fed into a power amplifier. The end-cap is lo-
cated at the end of the metal tube, where the reference microphone is flush-mounted to
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(b) A picture of the calibrator cone.
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FIGURE 3.10. (a,b) The microphone calibrator cone and (c) the elements of the
measurement chain during the microphone calibration procedure.
the circumference of the tube, and a short (< 5 mm) silicon tube transmits the pressure
waves to the flush-mounted microphone, see Fig. 3.10(a).
The generation of a repeatable and well defined sound field within the calibrator
is explained in the following. The sound field in the calibrator is limited at both low
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and high frequencies by two different aspects. Plane waves develop in the tube when a
white noise sound field is fed into the tube using the speaker and the cone. At low fre-
quencies, the frequency response of the speaker limits this sound field. According to the
specifications of the speaker, its frequency response is flat between 100 Hz and 20 kHz.
Therefore, the lowest frequency of the calibration procedure is limited to approximately
f = 100 Hz. At high frequencies, the propagation of the pressure waves in the tube is
limited by a cut-off high frequency, above which the plane waves are attenuated within
the tube, therefore, they can not propagate. According to Fahy and Gardonio [31], plane
waves form in the tube in the acoustic range of kDt/2 < 1.84, where Dt = 10 mm is the
diameter of the tube, and k = 2π f /c is the wavenumber. For the current configuration,
plane waves can develop in the tube until 20 kHz, which is the upper limit of the audible
frequency range, and it also meets the range of frequencies being under investigation
(< 20 kHz) in the current study.
As a result of acoustic excitation, standing waves develop in the tube. The modal
frequency of the standing waves are defined as fn = nc/4l t, where n is the number
of the acoustic mode, c is the speed of sound, and l t = 110 mm is the length of the
tube. The first acoustic mode is found at fn=1 = 789 Hz, with its harmonics observed at
fn = n ·789 Hz. As can be seen, the sound field within the tube is defined by the geomet-
rical constraints (Dt, l t) and the properties of the speaker. Keeping these constraints
the same over the calibration of the different flush-mounted microphones ensures the
repeatability of the calibration procedure.
Figure 3.12 shows the flowchart describing the calibration procedure. An electrical
white noise signal (V a1 (t)=V b1 (t)) is fed to the calibrator unit, which results in the gener-
ation of a repeatable sound field, ps(t). The metal tube in the calibrator (see Fig. 3.10) is
responsible for creating a well-defined sound field. This sound field (ps(t)) is measured



















Sensitivity of G.R.A.S. 40PL, ref. s0 = 1 V/Pa
FIGURE 3.11. Sensitivity of the G.R.A.S. 40PL reference microphone as pro-
vided by the manufacturer.
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FIGURE 3.12. Microphone calibration procedure, following Mish [71].
microphone (V b2 (t)). Figure 3.12 presents the flowchart of the calibration process. The
reference and the Knowles microphones sense the same ps(t) pressure signal, and the
time signal of each microphone is captured simultaneously. The time signal V a2 (t) is
recorded from a G.R.A.S. 40PL reference microphone, and V b2 (t) is acquired from the
Knowles microphone. The basis of the current calibration procedure is that the two mi-
crophones are exposed to the same pressure signal. As the sensitivity of the reference
microphone is known, sG( f ), it is possible to calculate the sensitivity of the Knowles
microphone.
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The voltage signal from the G.R.A.S. microphone can be converted to pressure using
the sensitivity function of the G.R.A.S. microphone (sG( f )), as
Pas ( f )=
V a2 ( f )
sG( f )
,(3.2)
where Pas ( f ) is the Fourier transform of the pressure signal ps(t), V
a
2 ( f ) is the Fourier
transform of the reference microphone signal, and sG( f ) is the sensitivity of the G.R.A.S.
microphone, as provided by the manufacturer, see Fig. 3.11. The response function,
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where E is the expected value operator, Ggh is the cross-spectra between time signals
g(t) and h(t), and ∗ denotes the complex conjugate. Similarly, the response function for
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where sFG( f ) is the transfer function of the Knowles FG-23329-P07 microphone. Both
microphones sense the same pressure signal simultaneously, i.e. V a1 = V b1 and Pas = Pbs ,




















A typical result of a Knowles microphone sensitivity response (magnitude of the
transfer function sFG), and the phase shift (the phase between the real and imaginary
parts of the sFG) are presented in Fig. 3.13. The sensitivity of the microphones are
found with an accuracy of ±0.5 dB by assuming a normal distribution of pressure fluc-
tuations [63] in the range of 100 Hz and 10 kHz, which is in good agreement with the
accuracy reported by Sagrado [91] and Gruber [48]. Further discussions on the uncer-





































FIGURE 3.13. Microphone calibration results.
3.3.3 Steady Pressure Measurement
A total number of 14 static pressure taps were manufactured on the flat plate test rig,
see Fig. 3.14. The pressure taps are aligned with the flush-mounted microphones and
their coordinates are given in Table 3.2. The static pressure ports were created using a
1.6 mm brass tube, which was flush-mounted on the wall of the rig, see Fig. 3.14 and
glued to the surface with the help of an aluminium filled epoxy resin. The pressure
taps were then created by drilling 1.6 mm diameter holes perpendicular to the wall of
the rig. The pressure scanner used in the current work is a Chell MicroDAQ Pressure
Scanner, and it allows the simultaneous measurement of 32 pressure signals with a
maximum sampling frequency of 1 kHz. The maximum pressure difference the scanner
can measure is 1 psi (6894.76 Pa), and it has an accuracy of 0.1% of its full-scale resolu-
tion, i.e. 0.001 psi (7 Pa). In the current work, the static pressure signals were recorded
for 16 seconds with a sampling frequency of 500 Hz. The static pressure coefficient is
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where % is the density of air, u∞ is the free-stream velocity and ∆p is the pressure
difference between the free-stream pressure (p∞), supplied from the Pitot-static tube
immersed to the free-stream flow, and the static pressure ports of the rig. The denom-
inator (i.e. dynamic pressure) in the pressure coefficient was directly measured in the
current work as the pressure difference between the static and total pressure ports of
the Pitot-static probe, which eliminated the uncertainties associated with the measure-
ment of air density and free-stream velocity during the static pressure measurements.







(b) A picture of the pressure scanner.
FIGURE 3.14. Static pressure measurement: (a) pressure taps, (b) pressure
scanner.
3.3.4 Data Acquisition System
The analogue time signals of the sensors were recorded using National Instrument
PXIe-4499 type data acquisition (DAQ) units, see Fig. 3.10(c). The DAQ system allows
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TABLE 3.2. Positions of the surface pressure taps.
Pressure tap Distance from Distance from
















the simultaneous measurement of 48 analogue signals with a maximum sampling fre-
quency of 204.8 kHz. The sampling frequency during the measurement campaigns was
set to fs = 65,536= 216 Hz.
3.4 Uncertainty Estimation
It is always important to have an understanding of the uncertainties of the measured
quantities. In the current work, the velocity and pressure fluctuations are measured
using hot-wire anemometry and electret condenser microphones. In the following para-
graphs, the uncertainties of these two measurements are estimated. Student’s t-test
[26] is widely used in engineering applications to estimate the uncertainty of a mea-
sured physical quantity. This procedure is used in the current work to estimate the
uncertainty of both velocity and pressure measurement.
The procedure for establishing the uncertainty of a measured quantity using Stu-
dent’s t-test is as follows. First, the measurement of a physical quantity, which has a
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constant value over time, is required, for example, the constant velocity of the jet at
the exit of the calibrator unit is measured using hot-wire anemometry, see Fig. 3.7. The
measurement of this quantity needs to be repeated in time for n number of occasions.
From this, the method defines the degrees of freedom as n−1. The method assumes
that the probability density function (PDF) of the measured physical quantity follows a
Gaussian distribution. As a next step, the confidence level (1−α) needs to be specified,
which in engineering applications is usually considered to be 95 %, i.e. α= 5 %. The true
mean value of the measured physical quantity lies within the interval x̄± tασx with a
probability of 1−α (confidence level), where x̄ is the calculated mean value, tα is found
using a table based on n and α, and finally, σx is the standard deviation of xn.
The uncertainty of the velocity measurements is provided by the Dantec software,
which also controls the constant temperature anemometry (CTA) unit. According to the
manufacturer [57], the program calculates the uncertainty of the measured velocity
signal using Student’s t-test. Figure 3.5 presents the uncertainty of the velocity mea-
surements using hot-wire anemometry calculated by the Dantec software. As can be
seen, the uncertainty of the measured velocity remains below ±0.6 % of the actually
measured value at all investigated velocities.
Student’s t-test [26] is used to estimate the uncertainty of the surface pressure mea-
surements. The calibration procedure was performed several times on three different
Knowles microphones for 10 occasions in each case. In addition, the acoustic signal of
the baseline boundary layer was measured with the same three microphones for several
times at u∞ = 15 m/s for a number of 10 occasions. From this, it is found that the surface
pressure fluctuations are measured in the current work with a ±0.5 dB accuracy at a
95 % confidence level.
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3.5 Quantities Derived From the Acquired Data
Both the use of hot-wire anemometry and microphone measurements described in Sec-
tions 3.3.1 and 3.3.2 provide a vast amount of data in the time domain. To help the
understanding of the underlying physics captured with the use of these measurements,
statistical quantities are used, which are introduced and explained in the current sec-
tion. Two main sets of properties can be derived using the acquired data. First, the
properties defined in the time domain are introduced, namely, the mean value, root
mean square (rms) value and correlation coefficient. Using Fourier transform enables
us to investigate the data in the frequency domain. As a second step, the definitions of
the power spectral density (PSD) and cross-spectral density (CSD) are provided in the
present section.
The processing of the captured data was performed with the use of Python and Mat-
lab. The mean and root mean square (rms) of a physical quantity x are defined as










(xi − x̄)2 ,(3.8)
where xi is the ith time sample of a measured physical quantity x, and N is the total
number of samples.




(xa,i − xa)(xb,i − xb)
xa,rms xb,rms
.(3.9)
Python’s SciPy package was used to calculate the properties of the time signals in
the frequency domain, such as the power spectra (φxx) and normalized cross-spectra
(coherence) γ2x1,x2 . The power spectra is calculated in the current work as
φxx = |x̂( f ) (x̂( f ))∗|,(3.10)
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where x̂( f ) is the Fast Fourier Transform (FFT) of x(t), the asterisk, ∗, denotes the com-
plex conjugate, and | | is the absolute value operator. The magnitude-squared coherence
between two measured signals xa(t) and xb(t) is defined as
γ2xa,xb =
|x̂a( f ) x̂b( f )|2
φxa,xaφxb,xb
.(3.11)
When calculating spectra and coherence, a digital filter was applied in order to re-
duce low-frequency measurement noise [45]. Time signals were divided into smaller
segments with a 50 % overlapping, which resulted in the digital high-pass filtering of
the data. The length of the time segments, i.e. window size (WS), was defined such
that the frequency resolution (∆ f = 4 fs/WS) of the transformed signal was ∆ f = 64 Hz.
Hamming windowing was then applied to each segment, which was followed by the cal-
culation of their fast Fourier transform. After the Fourier transform of each segment,
the energy loss in the signal caused by the application of Hamming windowing was com-
pensated, and the FFT results were averaged to achieve a smooth resolution of power
spectra and coherence in the frequency domain.
3.6 Flow Control Unit
The properties of the flow control section is presented and discussed in the followings.
Initially, the fan assembly is shown in the current section, which was used for both
flow suction and flow injection studies. The fan assembly was designed and built in the
framework of this thesis. Figure 3.15 presents the assembly of the fan, which consists
of (a) a radial (centrifugal) fan, (b) an electric motor, and (c) an inverter. The radial fan
is responsible for driving air through the flow control section. A long flexible pipe can
be connected to either the pressure side (outlet) of the fan to feed air to the flow control
section (flow injection), or to the suction side (inlet) of the fan to draw air from the flow
control system (flow suction), see Fig. 3.17. The nominal power of the fan is 2.2 kW, and
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FIGURE 3.15. The assembly of the fan.
its performance curve is presented in Fig. 3.16. The fan can deliver a large volume of
air (up to approximately 2700 m3/h), and it can create a static pressure difference of
up to 1.4 kPa at its peak performance. The inverter controls the performance of the fan
by controlling the speed of the electric motor. The speed of the 3-phase electric motor
is proportional to the frequency of the alternating voltage and current supplied to the
motor. The inverter enables us to smoothly change the frequency of the 3-phase input to
the electric motor, which ensures the smooth control of the fan’s performance. According
to the manufacturer, the motor needs a minimal rotation speed to ensure that it has
a sufficient amount of cooling. The lowest frequency of the motor input is, therefore,
limited to 25 Hz, and the highest frequency of the motor input is capped at 50 Hz by
the inverter. Between these two operating limits, the inverter allows the frequency to
be adjusted in steps of 0.1 Hz. The inverter is controlled using Matlab, which ensures
that the power of the fan, i.e. the frequency of the 3-phase input, can be set with high
accuracy to the same value at any time.
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FIGURE 3.16. The performance curve of the fan used for the flow control meth-
ods.
3.7 Flow Control Methods
The geometrical properties of the currently investigated flow control methods are intro-
duced next. As was seen in Section 3.2, the test rig has a flow control section upstream
of its trailing edge. This section of the test rig is interchangeable, therefore, it enables
us to mount different types of flow control units. To ensure that the flow produced by the
fan is distributed evenly across the span of the flow control section, a settling chamber
is attached to the bottom of the rig, see Fig. 3.18. The chamber spans over the entire
width of the flow control section, and it has a thickness of 5 cm. The flexible pipe shown
in Fig. 3.15 connects the fan to the side of the chamber, see Fig. 3.18. The connection
to the pipe takes place outside of the wind tunnel test section and therefore, it does not
introduce any disturbance to the free-stream flow. The bottom of the settling chamber
is made such that it has a streamlined shape to avoid flow separation on the bottom of
the plate.
Three different types of flow control methods are considered in this thesis, which are
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FIGURE 3.17. The fan.
introduced and explained in the following subsections. A straightforward way to control
flow is to extract air from the boundary layer through the wall of the test rig, which will
be used for uniform flow suction, and it is presented in Section 3.7.1. Another option
of manipulating the flow is to apply uniform flow injection into the turbulent boundary
layer, see Section 3.7.2. In terms of non-uniform flow control techniques, the interaction
between transverse jets and turbulent boundary layer are investigated in the current
thesis. The geometry of this flow control method is presented in Section 3.7.3. For all
cases of the currently investigated flow control techniques, the flow control severity is
set manually using a Matlab interface to control the power of the fan with the help
of the inverter. An open-loop control technique is used in the current work for all flow
control methods under investigation.
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FIGURE 3.18. The schematics of the test rig with the settling chamber.
3.7.1 Uniform Flow Suction
Extracting air from the turbulent boundary layer is one of the simplest ways to alter the
boundary layer. The uniform flow suction unit is mounted on the rig between 120 mm
and 150 mm upstream of the trailing edge, corresponding to a streamwise length of 30
mm, see Fig. 3.3. The flow suction unit consists of two main parts: a honeycomb struc-
ture and on top of it, a wire mesh, see Fig. 3.19. The honeycomb structure is responsible
for keeping the thin wire mesh flat on the surface and aligning the direction of the ve-
locity of the air extracted from the turbulent boundary layer. The size of the pores in
the honeycomb structure are 5 mm × 5 mm, and the thickness of the edges between
the neighbouring cells are 0.5 mm. The overall thickness of the honeycomb structure is
10 mm. The honeycombs were built using rapid prototyping technology, which enabled
us to incline their pores with respect to the free-stream flow. Inclining the pores of the
honeycomb structure ensures that the flow control velocity (uAFC) is inclined with re-
spect to the free-stream flow (u∞). Four different inclination angles (α) are considered
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in this study, namely, α= 30◦,50◦,70◦, and 90◦, see Fig. 3.20. The length over which the
honeycomb pores were made is a function of the inclination angle α, and it is 23 mm,
25 mm, 30 mm and 30 mm for α = 30◦,50◦,70◦ and 90◦, respectively, see Fig. 3.20.
The honeycomb pores were oriented towards the upstream direction which creates a
favourable condition for the boundary layer flow to enter the flow control section, see
Fig. 3.19.
The honeycomb unit at the flow control section is covered by a wire mesh to ensure
that the surface of the flow control section is smooth. The wire mesh is made of square
weaved stainless steel, which has a filament diameter of 0.1 mm and a pore size of
0.2 mm, see Fig. 3.20. The preliminary measurements showed that the use of honey-
comb structure without the mesh can introduce a significant amount of roughness noise
due to the interaction of the boundary layer with the rough surface of the honeycomb
structure. The effects of the flow control section surface on the downstream surface pres-
sure fluctuations were examined during preliminary wind tunnel measurements. When
compared against the surface pressure fluctuations of a smooth plate, negligible differ-
ences were observed. Therefore, the wire mesh can also ensure that the flow control
method does not introduce additional energy to the surface pressure fluctuations.
The velocity of the flow control system (uAFC) is measured using hot-wire anemom-
etry with the sensor positioned very close to the surface of the flow control section. The
frequency of the fan motor (see Section 3.6) is changed smoothly using a Matlab inter-
face from 25 Hz to 50 Hz in a step of 0.2 Hz, and the velocity of the air flowing across
the honeycomb structure is measured immediately above the wire mesh (see Fig. 3.6).
From this, the flow suction velocity (uAFC) values are obtained to determine the applied
flow suction severity.
The flow control severity, σ, relates the momentum deficit of the boundary layer
to the momentum of the flow control system. According to Antonia et al.[12], the flow
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FIGURE 3.19. The schematic of the flow suction unit.




where uAFC is the magnitude of the mean flow control velocity, b = 23 mm is length
of the flow control section, u∞ is the velocity of the free-stream flow, and θ0 is the mo-
mentum thickness of the non-disturbed boundary layer. The length of the flow control
section (b) is kept constant by masking the honeycomb structures using a tape within
the flow control section to ensure that flow is extracted from the boundary layer over
the same streamwise length b. Chapter 4 provides the list of flow control severities
considered during the analysis of the uniform flow suction method.
3.7.2 Uniform Flow Injection
The geometrical properties of the flow injection method considered in the current thesis
are very similar to the flow suction method. The flow injection unit is implemented onto
the rig between 120 mm and 150 mm upstream of the trailing edge, corresponding to a
streamwise length of 30 mm, see Fig. 3.3. The uniform flow injection unit consists of the
same components as the uniform flow suction method, i.e. a honeycomb structure and a
wire mesh. In the case of flow injection, however, the pores of the honeycomb material
are facing to the downstream direction (towards the trailing edge), see Fig. 3.21. This
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FIGURE 3.21. The schematic of the flow injection unit.
helps the injected air to enter into the turbulent boundary layer. Similarly to the flow
suction method, four different honeycomb inclinations (α) are considered, namely, α =
30◦,50◦,70◦ and 90◦, see Fig. 3.20. The velocity of the injected air (uAFC) is found using
the same procedure as for the flow suction case, see Section 3.7.1. The flow control
severity, σ, is then determined using Eq. (3.12).
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3.7.3 Inclined Transverse Jets
In addition to the uniform flow control methods, a non-uniform method is considered
for studying its effects on the turbulent boundary layer. As discussed in Chapter 2, it
is essential to keep the energy requirements of the flow control method low. The en-
ergy intake of the flow control method is proportional to the product between the flow
rate of the air passing through the flow control system and the pressure drop of the
flow control system. A possibility to reduce this product is to decrease the area of the
flow control section by using a distribution of jet nozzles to inject air into the boundary
layer. This flow configuration corresponds to the problem of transverse jets. The effects
of transverse jets injected into a boundary layer have been widely studied in the litera-
ture (see Chapter 2), therefore their effects on the boundary layer are reasonably well
understood.
Figure 3.22 gives the geometrical description of the transverse jets considered in the
current work. A single array of inclined jets has been placed along the spanwise direc-
tion on the flat plate as a means to manipulate the turbulent boundary layer flow, with
the aim of reducing the trailing edge noise. The jet nozzles are circular in shape, with
a diameter of D = 4 mm. Taylor [110, 111] reported that when the jet inclination angle
is kept below α = 30◦ the boundary layer flow downstream of the jet nozzles remains
attached to the wall. It is important to avoid the development of an adverse pressure
gradient over the wall, which can trigger flow separation. Keeping the flow attached
to the wall can ensure that the aerodynamic performance of the boundary layer is not
affected significantly by the jets. Therefore, the jet inclination angle considered for this
work is chosen to be α = 15◦ with respect to the direction of the free-stream flow (u∞)
to keep the injected jets close to the wall of the flat plate rig and avoid flow separation.
Previous studies on blade turbine cooling (see Chapter 2) suggested using a jet nozzle
length-to-diameter ratio of l j/D ≈ 5 to ensure that the nozzles can be fitted to aerofoils.
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Therefore, the length-to-diameter ratio of the jet nozzles is l j/D = 5. The nozzles are lo-
cated 30D upstream of the trailing edge to ensure that the jets can fully develop over the
instrumented area. The jet spacing (s), i.e. the spanwise distance between the jet noz-
zles, is defined in terms of the jet diameter D (see Fig. 3.22). Six jet nozzle spacings are
considered in this study, namely 1.5D, 2.0D, 2.5D, 3.0D, 3.5D and 4.0D. The jet nozzles











FIGURE 3.22. Schematics of the trailing edge with the geometrical description
of the inclined transverse jets.
The jet nozzles inject air into the boundary layer with different jet velocities (u jet)
depending on the set power of the fan (see Chapter 3.6). The jet velocity is measured
using hot-wire anemometry at the throat of the jet nozzles, i.e. at the centre of the jet
coordinate system, see Fig. 3.22. From this, the flow control severity, σ, can be deter-
mined.
The flow control severity, σ, relates the momentum deficit of the boundary layer to
the momentum of the flow control system. According to Antonia et al.[12], the level of




where u jet is the mean velocity of the jets in the nozzles, D is the jet nozzle diameter,
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FIGURE 3.23. The inclined jet nozzles with different jet nozzle spacings (s). The





FIGURE 3.24. The definition of the jet nozzle porosity.
u∞ is the free-stream flow velocity, ϕ is the porosity parameter, and finally, θ0 is the
momentum thickness of the non-disturbed boundary layer.
The porosity parameter, ϕ, relates the total area occupied by the jets (nA jet) to the
overall flow control section area (bD, with b being the width of the flow control section),
and can be written in the form of ϕ = A jet/(sD). The porosity is defined in the plane
perpendicular to the axes of the jet nozzle, see Fig. 3.24. Substituting the expression of
ϕ in Eq. (3.13) results in σ= rA jet/(θ0s), where r = u jet/u∞ is the jet velocity ratio.
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3.8 Flow and Noise Properties of the Baseline Case
3.8.1 Background Noise
Aeroacoustic investigations are often carried out in an anechoic condition. The open-jet
wind tunnel used in the current work, however, does not provide a suitable anechoic
condition. Therefore, it is important to ensure that the acoustic signals measured by
the microphones have a sufficiently high signal to noise ratio over the frequency range
of interest. As a rule of thumb, the signal to noise ratio, i.e. the difference between
the background noise and the noise of interest, must exceed 8-10 dB. In the current
work, the noise of interest is the surface pressure fluctuations measured in the pres-
ence of a turbulent boundary layer. The background noise of the wind tunnel can be
measured when an acoustically transparent foam is placed on the plate, which sep-
arates the hydrodynamic pressure fluctuations from the flush-mounted microphones.
The power spectra of the pressure fluctuations are presented for the free-stream ve-
locities of u∞ =10 m/s, 15 m/s and 20 m/s in Fig. 3.25(a). The effect of the background
noise in the current case can also be assessed by calculating the coherence between two
microphones located at the same streamwise position and separated from each other at
a sufficiently large spanwise distance. The spanwise distance between the two sensors
needs to be large enough to ensure that the hydrodynamic pressure fluctuations pass-
ing over the two microphones are not related to each other. Therefore, the coherence
between microphones 3 and 22 (see Table 3.1) is considered for assessing the relevance
of the background noise at u∞ =10 m/s, 15 m/s and 20 m/s, see Fig. 3.25(b).
The results in Fig. 3.25 reveal that the lowest reliable frequency where the desired
signal to noise ratio criterion is met (8-10 dB difference) increases with free-stream ve-
locity. The measured background noise levels at low frequencies ( f < 200 Hz) exceed
the noise levels of the baseline case at u∞ = 15 m/s and 20 m/s. This suggests that the
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FIGURE 3.25. Background noise characteristics of the open-jet return-type
wind tunnel facility at free-stream velocities of 10 m/s, 15 m/s and 20 m/s,
(a) power spectra of pressure fluctuations (b) coherence between two lat-
eral microphones (dashed line: microphones covered with acoustic foam,
continuous line: microphones exposed to the free-stream flow).
acoustically transparent foam introduces some additional noise to the background noise
at these low frequencies. Therefore, the actual noise levels of the background noise can
be assumed to be lower at low frequencies. The lowest frequencies where the signal
to noise ratio exceeds 8 dB at u∞ =10 m/s, 15 m/s and 20 m/s is 140 Hz, 200 Hz and
280 Hz, respectively. The signal to noise ratio exceeds 8-10 dB until very high frequen-
cies ( f ≈10 kHz), except at u∞ =10 m/s. The tonal peaks observed at around 3.3 kHz
are due to the noise from the motor of the wind tunnel. This tonal noise is clearly iden-
tified at 10 m/s, and its amplitude reduces at higher free-stream velocities (u∞ =15 and
20 m/s). The coherence results reveal that the signals acquired from the two micro-
phones have very low coherence over all frequencies, except at around 3.3 kHz, where
the signal from the motor of the wind tunnel is picked up by the sensors. Therefore, us-
ing 10 m/s free-stream velocity provides a very narrow range of frequencies over which
aeroacoustic analysis could be performed. In the case of 20 m/s, the low-frequency point
where the desired 8-10 dB signal to noise ratio criterion is met increases significantly,
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TABLE 3.3. Properties of the baseline boundary layer.
δ0 δ
∗ θ H uτ Reτ Reθ Reδ
(mm) (mm) (mm) (-) (m/s) (-) (-) (-)
33 5.2 3.8 1.37 0.64 1400 3800 33,000
reducing the reliable range of frequencies. At 15 m/s free-stream velocity, the signal to
noise ratio still remains sufficiently large at low frequencies, and the tonal peaks from
the wind tunnel fan are not present in the spanwise coherence results. Based on the
background noise properties of the wind tunnel, the free-stream velocity of u∞ = 15 m/s
is found to provide the best case for aeroacoustic analysis. The results provided in Chap-
ters 4 to 6 will, therefore, be based on u∞ = 15 m/s free-stream wind speed.
3.8.2 Properties of the Baseline Boundary Layer
To assess the validity of the measurements and to ensure that a zero pressure gradient
canonical turbulent boundary layer develops over the flat plate test rig, various flow
quantities are investigated in this section. Results are provided for the boundary layer
profiles, streamwise static pressure distribution and the surface pressure power spec-
tral density (PSD). Table 3.3 summarizes the relevant boundary layer parameters for
the free-stream velocity of u∞ = 15 m/s at microphone #1 located 4.5 mm upstream of
the trailing edge, see Table 3.1.
In Fig. 3.26, the mean velocity profiles for the baseline case are shown as a function
of boundary layer thickness (δ) and wall-unit (y+). The velocity profiles were obtained
4.5 mm upstream of the trailing edge. The boundary layer thickness (δ) is considered at
a wall-normal distance from the wall (y) where the mean velocity within the boundary
layer (ū) reaches 99 % of the free-stream velocity, i.e. u(y= δ)= 0.99u∞.
The wall-unit scaling parameters are the dimensionless velocity (u+) and the dimen-
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(b) Dimensionless velocity profile.













FIGURE 3.26. Baseline boundary layer mean and dimensionless velocity pro-
file.








where uτ is the friction velocity and ν is the kinematic viscosity of air. The friction ve-
locity is found using Spalding’s equation [105], which is an empirical formula describing











where e is the Euler number, B = 5.5 is a constant and κ = 0.41 is the von Kármán
constant. In the current work, uτ is found such that the discrepancy between u+(y+)
and u+(y+S ) is minimized. The values of u
+ and y+ are calculated for a wide range of uτ
using Eqs. (3.14) and (3.15). The values of y+S is then calculated for the obtained set of
u+ using Eq. (3.16). The value of uτ for which the lowest discrepancy is found between
y+ and y+S is then considered as the friction velocity.
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FIGURE 3.27. Shape factor (a) and friction coefficient (b) of the baseline bound-
ary layer.
As can be seen in Fig. 3.26, all mean velocity profiles show a good agreement with
Spalding’s equation. In terms of dimensionless velocity profile (Fig. 3.26(b)), the ve-
locity measurements resolved a portion of the buffer layer, the logarithmic layer and
the wake layer. The buffer layer is found below y+ < 30, the logarithmic layer is found
between 30 < y+ < 300, followed by the wake layer 300 < y+ < 3000, until the mean ve-
locity reaches the value of the free-stream velocity. These regions are in good agreement
with Spalding’s equation. Furthermore, the y+ range of each region (buffer, logarithmic
and wake) matches well with the values described in the literature, see Pope [83] and
Schlichting [95].
In order to determine when a turbulent boundary layer profile has reached a canon-
ical state, the evolution of the shape factor H and the skin-friction coefficient (C f ) are
amongst the common reference quantities [95]. The shape factor is defined as the ratio
between the displacement thickness (δ∗) and momentum thickness (θ) of the turbulent
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The shape factor gives a direct quantitative assessment of the mean streamwise ve-
locity profile independent of the skin friction. Schlichting [95] reported that the shape
factor (H) of a canonical turbulent boundary layer is between 1.3 and 1.4. Table 3.3
reveals that the current case resulted in H = 1.34, which also confirms the presence of
a fully developed turbulent boundary layer. The values presented in Table 3.3 together
with some other computational data published by Schlatter & Örlü [94] are provided in
Fig. 3.27(a). The solid and dashed lines show, respectively, the series expansion results
for the shape factor as a function of Reθ developed by Monkewitz et al. [72] and its ±5 %
tolerance limit. Furthermore, the skin-friction coefficient, C f are shown in Fig. 3.27(b)
together with other numerical results of Schlatter & Örlü [94], as well as a simple em-
pirical correlation based on the 1/7th power law of the form C f = 0.024Re−0.25θ [102]
and its ±5% tolerance limit. The definition of the skin-friction coefficient is provided in






As can be seen, both the shape factor and the skin-friction coefficient are generally
in good agreement with other data and the results of the semi empirical models. A
small deviation from the theoretical canonical state can be attributed to the use of a
physical trip device (i.e. sandpaper) as opposed to using a very long plate and a naturally
developing boundary layer.
To ensure having zero pressure gradient condition on the upper surface of the test
rig, especially in the vicinity of trailing edge, it is necessary to assess the static pressure
distribution along the flat plate chord. To this end, the static pressure was measured at
u∞ = 15 m/s and the pressure coefficient (Cp) was calculated as
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FIGURE 3.28. Pressure coefficient measured for the baseline boundary layer
case.
where p is the measured static pressure at a certain streamwise location and p∞ is the
static pressure of the free-stream flow. The measured pressure coefficient, Cp, along the
flat plate chord between 20 mm and 90 mm upstream of the trailing edge is constant to
within Cp =±0.01, as shown in Fig. 3.28. This observation confirms that the boundary
layer does not encounter any pressure gradient in the vicinity of the trailing edge.
Finally, in order to ensure that the surface pressure fluctuations follow the proper-
ties of a canonical turbulent boundary layer, the power spectral density (PSD) of the
surface pressure fluctuations is compared against Goody’s empirical model of surface
pressure power spectra [43] in Fig. 3.29. The surface pressure power spectral density
(PSD) results are measured for u∞ = 15 m/s using microphone #1 located 4.5 mm up-
stream of the trailing edge, see Table 3.1. Figure 3.29 also provides results for normal-
ized PSD data as a function of the non-dimensional frequency, ων/u2τ, where ω = 2π f .
The surface pressure PSD results have been normalized using the wall shear stress
(τw), as the pressure scale, and δ∗/uτ as the time scale, as suggested by Goody [43]. The
surface pressure PSD results are of the typical form for a well-developed zero pressure
gradient turbulent boundary layer, i.e. high energy levels observed in the low-frequency
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FIGURE 3.29. Surface pressure power spectral density of the baseline case at
the trailing edge.
region, followed by an approximately steadily decreasing energy-cascade region at mid-
frequencies, and a steep roll-off at the high frequencies [43]. These observations confirm
that the turbulent boundary layer developing over the wall of the test rig follows the
characteristics of a canonical turbulent boundary layer.
The primary purpose of this section is to demonstrate that the flat plate test rig
used in the current thesis with the sandpaper flow tripping device can deliver a well-
developed canonical turbulent boundary layer. Therefore, the test rig ensures a good
basis to investigate the effects of flow control methods on a turbulent boundary layer.
The quantitative assessment presented in this section, including the mean stream-
wise velocity profile, the shape factor, the skin-friction coefficient and the surface pres-
sure power spectral density have shown that the flat plate test rig can deliver a good
zero pressure gradient turbulent boundary layer and that the mean and fluctuating
quantities obtained here agree well with the prior experimental observations and semi-










UNIFORM BOUNDARY LAYER SUCTION
I
n this chapter, the effects of uniform inclined flow suction are experimentally
investigated for trailing edge noise reduction purposes. A wall-mounted slot is
positioned in the test rig upstream of a sharp trailing edge to extract air from
the turbulent boundary layer. The suction velocity and the angle of the flow control ve-
locity are varied to study the effects of these two parameters. The effects of the flow
treatment on the turbulence statistics are investigated downstream of the flow control
area by means of simultaneous velocity and surface pressure measurements. The sur-
face pressure information enables us to estimate the far-field trailing edge noise with
the use of Amiet’s trailing edge noise model [8]. First, the properties of the considered
flow control cases are listed in this chapter. As a next step, the developing flow pattern is
analysed to understand the properties of the flow. To find the aeroacoustic effects of the
inclined flow suction, the surface pressure fluctuation results are discussed and links
between the turbulence statistics and aeroacoustic changes are identified. As a final
step, the estimates of far-field trailing edge noise are presented to quantify the effects
of flow suction on the trailing edge noise.
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4.1 Problem Description
Figure 4.1 gives the geometrical description of the rig and provides the definition of
the coordinate system. The coordinate system consists of the streamwise (x), the wall-
normal (y), and the spanwise (z) directions, and its origin is at the mid-span of the plate,
at the downstream edge of the active flow control section. The geometrical properties of
the flow suction technique are given in Section 3.7.1. The flow control section consists
of two main physical components, a 10 mm thick honeycomb material, which pores are
inclined upstream with respect to the free-stream flow to ease the entry of the boundary
layer flow into the flow control section, see Fig. 4.1(b). In the current work, four different
flow control angles (i.e. honeycomb pore angles) are considered, namely, α= 30◦,50◦,70◦,
and 90◦. Air was drawn from the flow control section by using the industrial fan, which
properties are introduced in Section 3.6.
Two different sets of measurements were performed, see Fig. 4.1(b). In the first set of
measurements, signals from all flush-mounted microphones (see Chapter 3) were simul-
taneously recorded for a wide range of flow suction velocities (uAFC = 0.2−0.9u∞) and
flow control angles (α = 30◦,50◦,70◦ and 90◦). During the second set of measurements,
the streamwise velocity was measured with hot-wire anemometry along the whole wall-
normal span of the turbulent boundary layer thickness, at four different streamwise
locations, marked as BL0, BL1, BL2 and BL3, see the dashed lines in Fig. 4.1(b). The
streamwise locations of BL0, BL1, BL2 and BL3 are listed in Table 4.1. At BL1, BL2
and BL3, the streamwise velocity and surface pressure fluctuations using microphones
marked by m1, m2 and m3 in Fig. 4.1(b) were recorded simultaneously to enable us
the analysis of the effects the turbulent motions within the boundary layer have on the
surface pressure fluctuations.
The flow control severity, σ, relates the momentum deficit of the boundary layer to
the momentum of the flow control system. According to Antonia et al. [12], the flow
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FIGURE 4.1. Schematics of the rig (a) and the simultaneous velocity and sur-
face pressure measurements (b) performed at locations BL0, BL1, BL2 and
BL3, corresponding to x/δ0 =−1,0.6,1.8 and 4, respectively.
BL0 BL1 BL2 BL3
(m1) (m2) (m3)
x/δ0 (-) -1.0 0.6 1.8 4.0
TABLE 4.1. Locations of the simultaneous velocity and surface pressure mea-
surements.
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where uAFC is the mean flow suction velocity, b = 23 mm is length of the flow control
section, u∞ = 15 m/s is the velocity of the free-stream flow, and θ0 = 2.6 mm is the
momentum thickness of the non-disturbed boundary layer. In the current chapter, three
values of flow control severities (σ) are considered for each flow control angle (α), namely
σ = 0 (baseline case), a lower σ and a higher σ. The lower σ value is set to study the
effects of low suction rates, while the high σ value is used to study the effects of severe
flow suction. For both suction rates, the power of the fan was kept constant using the
inverter as discussed in Section 3.6. In particular, the alternating current in the electric
motor driving the fan was set to 31 Hz for all low σ rates, and 45 Hz for all high σ rates,
independent of α. The parameters of the applied flow control cases (i.e. α and σ values)
and the corresponding boundary layer properties are listed in Table 4.2. Although the
power of the fan driving the flow control method provides the same power for each low
and high σ, the corresponding σ values are significantly different from each other. This
can be associated with the pressure drop of the honeycomb materials, as the size of the
flow control area did not change with α.
4.2 The Developing Flow-field
Based on the two sets of measurements described in Section 4.1, the effects of flow
suction on the turbulent boundary layer are examined first in this section, followed
by its effects on the surface pressure fluctuations and the estimated far-field noise. To
understand the effects of uniform flow suction on the turbulent boundary layer, the
developing flow pattern is first investigated by means of turbulent statistics obtained
at locations BL0, BL1, BL2 and BL3, see Fig. 4.1(b).
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α= 30◦
σ δ δ∗ θ uτ
[mm] [mm] [mm] [m/s]
BL1 BL2 BL3 BL1 BL2 BL3 BL1 BL2 BL3 BL1 BL2 BL3
0 29 30 30 3.81 3.71 3.69 2.59 2.63 2.57 0.617 0.618 0.657
2.5 57 46 15 3.69 2.70 1.20 3.08 2.21 2.01 0.692 0.679 0.587
3.7 58 49 10 3.84 2.42 1.30 3.23 1.98 1.12 0.596 0.623 0.612
α= 50◦
σ δ δ∗ θ uτ
[mm] [mm] [mm] [m/s]
BL1 BL2 BL3 BL1 BL2 BL3 BL1 BL2 BL3 BL1 BL2 BL3
4.3 55 45 16 3.24 1.93 1.05 2.86 1.75 0.85 0.769 0.616 0.818
6.2 62 48 5 3.83 1.94 0.55 3.40 1.72 0.35 0.705 0.660 0.672
α= 70◦
σ δ δ∗ θ uτ
[mm] [mm] [mm] [m/s]
BL1 BL2 BL3 BL1 BL2 BL3 BL1 BL2 BL3 BL1 BL2 BL3
5.0 60 54 3 3.76 2.58 0.25 3.34 2.14 0.17 0.797 0.616 0.858
7.5 63 61 1 4.69 3.21 0.31 4.11 2.65 0.15 0.524 0.558 0.787
α= 90◦
σ δ δ∗ θ uτ
[mm] [mm] [mm] [m/s]
BL1 BL2 BL3 BL1 BL2 BL3 BL1 BL2 BL3 BL1 BL2 BL3
6.1 65 56 4 4.53 2.78 0.42 3.87 2.44 0.22 0.603 0.772 0.748
9.1 58 49 1 5.69 3.25 0.50 4.79 2.83 0.18 0.523 0.588 0.600
Table 4.2: Boundary layer properties measured for the different flow control angles (α=
30◦,50◦,70◦ and 90◦) at locations BL1, BL2 and BL3, corresponding to x/δ0 = 0.6,1.8
and 4, respectively.
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4.2.1 Mean Velocity Profiles
To investigate the streamwise evolution of the boundary layer along the wall-normal
direction, the streamwise velocity was measured at BL0, BL1, BL2 and BL3, corre-
sponding to x/δ0 = −1,0.6.1.8 and 4, respectively. The mean velocity results obtained
from these hot-wire measurements are presented in Fig. 4.2, at locations BL0, BL1,
BL2 and BL3, for α= 30◦,50◦,70◦ and 90◦. Additional boundary layer parameters, such
as boundary layer thickness (δ), displacement thickness (δ∗), momentum thickness (θ)
and friction velocity (uτ) are presented in Table 4.2 for varying α and σ cases at loca-
tions BL1, BL2 and BL3. From the velocity profiles presented in Fig. 4.2, we can observe
that the flow suction affects the entire boundary layer both upstream (BL0) and down-
stream (BL1-BL3) of the flow control treatment. At BL0, the mean velocity profiles in
Fig. 4.2 reveal that the flow is accelerated as a result of flow suction. The magnitude of
increase in the velocity profiles at BL0 increases with increasing flow control severity
(σ) and with flow suction angle (α). These findings are consistent with the results of
Park and Choi [79], and Antonia et al. [12].
At BL1 (x/δ0 = 0.6), the boundary layer profiles indicate a momentum deficit at
y > 0.4δ0 for the flow suction cases (σ > 0) compared to the baseline boundary layer
(σ= 0). Based on the definition of the boundary layer thickness (δ) as ū(δ) = 0.99u∞, δ
increases at BL1 in consequence of flow suction as a result of the observed momentum
deficit above y = 0.4δ0. In agreement with this, the boundary layer integral parame-
ters (δ∗,θ) also increase at BL1 as an effect of flow suction, see Table 4.2. The DNS
simulations of Park and Choi [79] revealed that the increase of the boundary layer pa-
rameters, such as δ,δ∗ and θ is due to the momentum deficit caused by the extracted
fluid at the flow control section. Below y = 0.4δ0, the mean velocity exceeds the values
of the baseline case (σ = 0). At BL2, the boundary layer profiles are very similar to
those at BL1, but the crossing point above which decrease in ū, i.e. momentum deficit,
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is observed takes place at larger wall-normal locations, namely at y≈ 0.7δ0. This obser-
vation suggests that the flow is moving towards the plate. Additionally, the boundary
layer thickness (δ) at BL2 grows at increasing σ, independent of the flow control angle
α. An exception to this was observed for α = 90◦, where the boundary layer thickness
is observed to decrease for σ = 9.1 with respect to σ = 6.1, see Table 4.2. In the vicin-
ity of the trailing edge, at BL3, the boundary layer profiles for σ > 0 are different to
the boundary layer profiles observed at BL1 and BL2. The main boundary layer pa-
rameters, such as the boundary layer thickness (δ), displacement thickness (δ∗) and
momentum thickness (θ) are observed to significantly decrease at BL3 as compared to
the upstream locations of BL1 and BL2, independent of the flow control angle (α) and
severity (σ). In particular, the higher the flow control angle (α) and flow suction severity
(σ), the higher is the reduction of δ,δ∗ and θ. However, δ∗ and θ are observed to in-
crease when moving from α= 70◦ to α= 90◦. This suggests that the perpendicular flow
suction loses efficiency for α> 70◦. In general, if the free-stream velocity is reached over
shorter wall-normal distances than for the baseline case (σ= 0), the mean shear within
the boundary layer (du/dy) increases. This observation was also reported by Park and
Choi [79], who showed that immediately downstream of the flow suction area, the skin
friction coefficient increases as an effect of flow suction. Finally, from the observation
of the mean velocity profiles in Figs. 4.2, it seems that the use of flow suction does not
result in boundary layer separation, which suggests that the aerodynamic behaviour of
the flat plate is not significantly altered. However, wind tunnel measurements with a
force balance should be performed to confirm this.
4.2.2 Dimensionless Velocity Profiles
To study the effects of flow suction on the different regions of the boundary layer,
namely, buffer, logarithmic and wake, the dimensionless velocity profiles are presented
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FIGURE 4.2. Mean velocity profiles measured at flow control angles (a) α= 30◦,
(b) α= 50◦, (c) α= 70◦ and (d) α= 90◦ at locations BL0, BL1, BL2 and BL3.
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as a function of the dimensionless wall distance. The dimensionless velocity (u+) and di-
mensionless wall distance (y+) is found by changing the friction velocity (uτ) iteratively,
as described in Section 3.8.2. The dimensionless velocity profiles are shown in Figs. 4.3
and 4.4, for α = 30◦,50◦ and α = 70◦,90◦, respectively. The + superscript denotes nor-
malisation by inner boundary layer quantities, i.e. u+ = ū/uτ and y+ = yuτ/ν. As noticed
from the observation of the mean velocity profiles (ū) in Fig. 4.2, the boundary layer is
significantly affected by flow suction at varying flow control angles (α) and flow control
severity (σ). As a result, the structure of the boundary layer is expected to change sig-
nificantly. The effects of the flow suction on the turbulent boundary layer structure can
be appreciated when observing the dimensionless velocity profiles in Figs. 4.3 and 4.4.
The different boundary layer structures are identified with the help of Spalding’s equa-
tion [105], which is an empirical formula describing the turbulent boundary layer, and
it is presented by black dashed lines in Figs. 4.3 and 4.4. As can be seen from Figs. 4.3
and 4.4, a portion of the buffer layer is resolved below y+ < 20 (y/δ0 < 0.05). The loga-
rithmic layer is located between 20 < y+ < 300 (0.05 < y/δ0 < 0.2), followed by the wake
layer 300 < y+ < 2000 (0.2 < y/δ0 < 1) until the mean velocity reaches the value of the
free-stream velocity. These boundary layer regions are in good agreement with the nu-
merical data provided by Schlatter and Örlü [94] at a similar range of Reynolds number
(Reθ = 3800). Figures 4.3 and 4.4 reveal that the flow suction significantly affects the
boundary layer structure downstream of the flow control section. At BL1 (x/δ0 = 0.6), at
the shallowest flow suction angle (α= 30◦) and at the lowest suction severity (σ= 2.5),
the buffer layer follows the properties of the baseline case, which is in agreement with
previous studies [12]. However, a quick recovery of the buffer layer was reported imme-
diately downstream of the flow control section by Refs. [12, 76, 79]. The lowest amount
of flow suction (σ = 2.5) efficiently reduces the span of the logarithmic layer at BL1 to
the approximate range of 20 < y+ < 100, see Fig. 4.3(a). Similar observations can be
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made in the case of α = 30◦ for both σ rates at location BL2 (x/δ0 = 1.8). At BL3, on
the other hand, the dimensionless velocity (u+) deviates more from the baseline case
compared to BL1 and BL2. A possible explanation for this can be that the presence of
the trailing edge affects the boundary layer at BL3. This explanation is investigated in
further details in the following paragraphs. Similar observations can be made at higher
flow control angles (α) and flow suction severities (σ). At α= 50◦,70◦ and 90◦, the u+ re-
sults follow the shape of the viscous layer (u+ = y+) at low dimensionless wall distances
(y+ < 10−20), above which the results suggest the presence of a logarithmic layer as
constant u+ value is not reached immediately. The larger extent of the viscous layer
suggests partial laminarisation at all streamwise locations under analysis. Besides, the
results indicate that the wall-normal extent of the logarithmic layer is significantly
reduced, therefore, it can be expected that the turbulence properties of the turbulent
motions formerly located at the logarithmic layer are also affected by flow suction. The
results indicate that partial laminarisation can be reached at σ≈ 6. Above σ≈ 6, the ef-
fects of flow control are preserved at further downstream locations of BL1 as the u+(y+)
profiles significantly depart from Spalding’s equation at BL2 and BL3 in the case of
α= 70◦ and 90◦. The currently observed behaviour of the dimensionless velocity profiles
agrees well with the previous observations presented at similar streamwise locations
(x/δ0) by Oyewola et al. [76] and Antonia et al. [12].
4.2.3 Root Mean Square Velocity Profiles
The root mean square of the velocity enables us to study the effects of flow suction on the
flow energy content within the turbulent boundary layer. The root mean square (rms)
velocity results obtained from the hot-wire measurements are presented in Fig. 4.5,
at BL0, BL1, BL2 and BL3, for α = 30◦,50◦,70◦ and 90◦, and for three values of flow
suction severity. Similarly to the ū results shown in Fig. 4.2, the rms results reveal
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(a) α= 30◦ flow control angle.





























(b) α= 50◦ flow control angle.





























FIGURE 4.3. Dimensionless velocity profiles at flow control angles (a) α = 30◦
and (b) α= 50◦ at locations BL1, BL2 and BL3.
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(a) α= 70◦ flow control angle.





























(b) α= 90◦ flow control angle.





























FIGURE 4.4. Dimensionless velocity profiles at flow control angles (a) α = 70◦
and (b) α= 90◦ at locations BL1, BL2 and BL3.
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that uniform flow suction significantly affects the energy content of the entire turbu-
lent boundary layer, therefore not only the near-wall region. At BL0, independent of the
flow control angle α, flow suction has the effect of reducing the energy content over the
entire boundary layer. The reduction of rms at BL0 grows with increasing flow suction
severity. These observations indicate that, similarly to the increase in ū formerly seen
at location BL0 in Fig. 4.2, the flow is accelerated upstream of the flow control treat-
ment. Downstream of the flow control treatment, i.e. at BL1-BL3, the energy content
within the boundary layer is significantly lower over the entire extent of the boundary
layer for all cases of α and σ as a consequence of flow suction. Therefore, flow suction is
effective in removing turbulent kinetic energy from the boundary layer over the whole
range of wall-normal locations. The underlying mechanism leading to the reduction of
the energy content was investigated in previous computational and experimental stud-
ies. As reported in Refs. [12, 25, 76–79], flow suction increases viscous diffusion, which
was found to be responsible for the break-up of turbulent structures, see Section 2.3.1.
As a result of this, flow suction reduces the turbulence intensities and Reynolds shear
stresses. The reduction of the energy content within the turbulent boundary layer is
therefore in good agreement with previous studies.
The urms profiles as a function of y+ can reveal which regions of the boundary layer,
i.e. buffer, logarithmic and wake, loses or gains energy as a consequence of flow suction.
In Figs. 4.6 and 4.7, the root mean square velocity profiles are further investigated as
a function of dimensionless wall distance (y+), at α= 30◦,50◦,70◦ and 90◦, at BL1, BL2
and BL3, corresponding to x/δ0 = 0.6,1.8 and 4, respectively. In general, the energy dis-
tribution of the baseline boundary layer (σ= 0) indicates that two peaks exist, an inner
peak can be observed in the buffer layer in the vicinity of y+ ≈ 30, and an outer peak,
that is visible at the upper edge of the logarithmic layer, at y+ ≈ 200−300. The inner
peak indicates the location of small-scale energetic turbulent motions in the boundary
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FIGURE 4.5. Root mean square velocity profiles measured at flow control an-
gles (a) α = 30◦, (b) α = 50◦, (c) α = 70◦ and (d) α = 90◦ at locations BL0,
BL1, BL2 and BL3.
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layer, while large-scale energetic turbulent motions are more likely to be found at the
outer peak, see Smits et al. [103] and Pope [83]. Figures 4.6 and 4.7 show that flow
suction significantly attenuates urms at all cases under investigation. Flow suction is
more effective in reducing the energy content of the outer peak than the inner peak. The
larger the suction severity, the larger amount of reduction is achieved in the outer peak.
The outer peak is observed to disappear for σ > 6 at BL1, which is in agreement with
previous observations of Oyewola et al. [76], who reported laminarisation above σ= 5.5.
As the dimensionless velocity profiles (u+(y+)) in Figs. 4.3 and 4.4 reveal, flow suction
reduces the width of the logarithmic layer and it affects the turbulent motions over the
entire span of the boundary layer. The reduction in the size of the logarithmic layer, and
its turbulence content suggests that flow suction reduces the Reynolds number of the
boundary layer. Similar observations regarding the reduction of urms were also reported
in Refs. [12, 25, 76–79], therefore these findings are consistent with previous studies.
The inner peak recovers to the original rms level in a short streamwise distance. In
general, the streamwise length required for the inner peak to reach recovery increases
with σ. On the other hand, the inner peak is observed to reach higher levels of energy
content than the baseline case (σ = 0) when flow suction is applied (σ > 0). At α = 30◦,
higher levels of urms are found for σ > 0, at BL1, BL2 and BL3 at y+ < 30, i.e. in the
buffer layer. At α= 50◦, the increase of urms is not observed at BL1, but it is visible at
BL2 for σ= 4.3 between y+ = 20 and 40, and at BL3 below y+ = 70. The increase in the
magnitude of the inner peak in the urms profiles is associated with the increase in the
mean shear (du/dy), which is a consequence of a decrease in the thickness of the bound-
ary layer. At α= 70◦ and α= 90◦, the rms levels for σ> 0 remain below the baseline case
(σ= 0) at all streamwise locations under investigation (BL1-BL3). However, for σ= 90◦
and σ= 6.1, the energy content reaches the baseline case at BL3, which is also an indi-
cation of lower flow control efficiency when α= 90◦ is applied. At BL3 for all cases of α
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and σ, the magnitude of rms at the inner peaks are observed to increase and move to
lower values of y+ when flow control is applied, compared to the baseline case (σ = 0),
which can be attributed to the close presence of the trailing edge. This observation is
further investigated in the following discussions.
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FIGURE 4.6. Profiles of the root mean square velocity as a function of dimen-
sionless wall distance at flow control angles (a) α = 30◦ and (b) α = 50◦ at
locations BL1, BL2 and BL3.
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FIGURE 4.7. Profiles of the root mean square velocity as a function of dimen-
sionless wall distance at flow control angles (a) α = 70◦ and (b) α = 90◦ at
locations BL1, BL2 and BL3.
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4.2.4 Changes in the Velocity Power Spectral Density
The power spectral density (PSD) of the velocity fluctuations (φuu) quantifies the turbu-
lent kinetic energy as a function of the frequency. To the purpose of the present investi-
gation, it is particularly insightful to present the changes that the flow control produces
on the PSD, at different downstream locations (BL1-BL3) and flow control angles (α).
The velocity PSD is calculated as φuu = |û( f ) (û( f ))∗|, where û( f ) is the fast Fourier
transform of the velocity signal, the asterisk, ∗, denotes the complex conjugate, and | |
is the absolute value operator. Figures 4.8, 4.9, 4.10 and 4.11 show the difference be-
tween the PSD of the velocity fluctuations in presence of the active flow control and the
PSD of the velocity fluctuations for the baseline case, ∆φuu = φuu,σ 6=0 −φuu,σ=0. From
the mean velocity profiles presented in Figs. 4.2, 4.3 and 4.3, the boundary layer was
observed to change significantly as a consequence of flow suction, which would make it
wrong to subtract the two power spectral densities (φuu,σ 6=0 and φuu,σ=0) at the same
physical wall-normal locations, because these physical locations correspond to differ-
ent dimensionless wall-distances (y+). To enable the subtraction between the values of
power spectral densities at the same y+, linear interpolations were applied from the ex-
isting values of power spectral densities to a new set of y+. This new set of y+ is bounded
below by the largest y+ of φuu,σ 6=0 and φuu,σ=0 and bounded above by the smallest y+
of φuu,σ 6=0 and φuu,σ=0, therefore this new set of y+ is not identical for all cases under
investigation. Analysing these PSD differences at the different regions within the tur-
bulent boundary layer, i.e. buffer, logarithmic and wake, enables us to determine which
flow regions lose energy as a consequence of flow suction. Additionally, the changes of
urms observed in Figs. 4.6 and 4.7 can be examined as a function of the frequency. The
analysis is therefore aimed at exploring the effects of flow suction on the energy con-
tent of the turbulent motions, at the different regions within the turbulent boundary
layer. This is at the basis of interpreting the microphone measurements of the surface
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pressure fluctuations, and their implication on the aeroacoustic performance of the flow
control method.
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FIGURE 4.8. Changes in the velocity power spectral density at flow control an-
gle α= 30◦ for (a) σ= 2.5, (b) σ= 3.7 at locations BL1, BL2 and BL3.
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In Fig. 4.8, the difference in the power spectral density (∆φuu) is presented for flow
suction at a flow control angle of α = 30◦, and for values of the flow control severity
σ = 2.5 and σ = 3.7, at BL1, BL2 and BL3. It can be observed that the flow control
method reduces the energy content over a broad range of frequencies and wall-normal
locations. At BL1 and for σ = 2.5, a significant reduction in φuu is observed in the log-
arithmic region (20 < y+ < 200) and in the wake region (200 < y+ < 1000), and this
reduction is more significant at high frequencies ( f > 1 kHz). From the velocity profiles
of mean and rms (see Figs. 4.3(a) and 4.6(a)), the observed reduction in the PSD can
be attributed to a smaller size of the logarithmic region when flow suction is applied,
and it is consistent with lower values of urms at the outer peak. Figure 4.8(a) reveals
an increase in the energy content (φuu) at high frequencies ( f > 1 kHz), at wall-normal
locations corresponding to the inner peak (y+ ≈ 30). The energy spectral content is ob-
served to grow at wall-normal locations below y+ ≈ 30, 70 and 100 at BL1, BL2 and BL3,
respectively, These areas of increased PSD are consistent with the increase in urms at
the inner peak (y+ ≈ 30) for σ= 2.5, see Fig. 4.8(a). At BL3, a significant increase in φuu
is observed at σ= 2.5 at frequencies larger than f ≈ 1.4 kHz and wall-normal locations
lower than y+ = 100. This increase is consistent with the increase of urms at the location
of the inner peak, at BL3 (see Fig. 4.6(a)). The observed growth of the energy content
could be related to the close presence of the trailing edge, where the flow experiences
a change in the boundary conditions. At larger values of the flow severity, σ = 3.7, a
broadband reduction in the spectral content can be observed at BL1. At BL2, however,
a modest increase of urms can be seen in Fig. 4.6(a) below y+ = 30, which, according to
Fig. 4.8(b), occurs at high frequencies ( f > 1 kHz). In the close vicinity of the trailing
edge, at BL3, the velocity PSD exhibits the same behaviour for σ= 3.7 as for σ= 2.5, i.e.
below y+ = 30 an increase in φuu is observed at high frequencies ( f > 2 kHz).
Figure 4.9 presents the difference of velocity PSD at flow control angle α = 50◦,
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FIGURE 4.9. Changes in the velocity power spectral density at flow control an-
gle α= 50◦ for (a) σ= 4.3, (b) σ= 6.2 at locations BL1, BL2 and BL3.
and at σ = 4.3 and σ = 6.2. At BL1, the velocity PSD is observed to decrease over all
frequencies for wall-normal locations below y+ = 1000 independent of σ. This is consis-
tent with the reduced flow energy content at both inner and outer peak locations, see
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Fig. 4.6(b). At BL2, a lower amount of energy reduction takes place in the vicinity of the
wall (y+ ≈ 40), at low frequencies ( f < 1 kHz), see Figs. 4.9(a) and 4.9(b). This indicates
that the energy content of the inner peak is developing as the flow travels downstream,
and this energy increase is associated with the large-scale turbulent motions charac-
terised with low frequencies ( f < 1 kHz). At BL3, the two examined flow control severity
rates (σ= 4.3 and σ= 6.2) show similar behaviour at low dimensionless wall distances
(y+ < 70). For σ= 4.3 at the close vicinity of the trailing edge (at BL3), the velocity PSD
is observed to increase below y+ ≈ 70, and at high frequencies ( f > 2 kHz). The increase
in φuu is consistent with urms, where a significant growth in the rms content is ob-
served below y+ ≈ 70, see Fig. 4.6(b). It can be seen that the increase in the magnitude
of the inner peak is broadband in nature, with a more significant increase associated
with high frequencies ( f > 2 kHz). For α = 50◦, the ∆φuu graph related to the higher
suction rate (σ = 6.2) shows a similar pattern as the lower suction rate, σ = 4.3, even
though the larger suction severity results in a lower amount of increase in φuu in the
inner peak (below y+ = 40) at BL3 and at high frequencies ( f > 4 kHz), see Fig. 4.9(b).
The results at BL3 also reveal that the frequency range where the inner peak can be
observed is associated with both low ( f < 200 Hz) and high ( f > 2 kHz) frequencies with
a reduction of the flow energy content between 200 Hz and 2 kHz.
An analogous behaviour in terms of ∆φuu can be observed for α= 70◦ and α= 90◦, in
Figs. 4.10 and 4.11. At BL1, the uniform flow suction significantly reduces the energy
content within the entire boundary layer for both α= 70◦ and 90◦, over all frequencies
under analysis. At BL2, the PSD in the vicinity of the inner peak (y+ ≈ 30) is observed
to increase below 1 kHz in comparison with BL1, for both α = 70◦ and 90◦, regardless
of the flow control severity (σ). At BL3, the energy content further increases at both
low ( f < 2−300 Hz) and high ( f > 2 kHz) frequencies in the vicinity of the inner peak
(y+ ≈ 30).
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FIGURE 4.10. Changes in the velocity power spectral density at flow control
angle α= 70◦ for (a) σ= 5.0, (b) σ= 7.5 at locations BL1, BL2 and BL3.
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FIGURE 4.11. Changes in the velocity power spectral density at flow control
angle α= 90◦ for (a) σ= 6.1, (b) σ= 9.1 at locations BL1, BL2 and BL3.
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4.3 The Aeroacoustic Effects of Uniform Inclined
Flow Suction
The effects of flow suction on the surface pressure fluctuations are investigated after the
turbulence statistics. In the following paragraphs, the surface pressure spectra is pre-
sented first, followed by the velocity-pressure coherence. Finding the links between the
velocity and surface pressure power spectral density can help us to understand which
regions of the boundary layer can reduce or increase the spectral content of the surface
pressure fluctuations. As surface pressure power spectra is one of the most important
sources of trailing edge noise (see Section 2.1.1), understanding the changes caused
by flow suction on surface pressure power spectra is of main interest. In addition, the
velocity-pressure coherence can help us to understand the contribution of the turbu-
lent motions to the surface pressure fluctuations from different regions of the boundary
layer. This can improve our understanding on what regions of the boundary layer an
efficient flow control method shall affect.
4.3.1 Surface Pressure Power Spectral Density
Figures 4.12, 4.13, 4.14 and 4.15 present the power spectral density of the surface pres-
sure fluctuations (φpp) for flow control angles α = 30◦,50◦,70◦ and 90◦, respectively.
Overall, it can be observed that the spectral content of the surface pressure fluctuations
is attenuated over a wide range of frequencies. As the power spectral density of the sur-
face pressure fluctuations is one of the major contributors to far-field noise according to
Amiet’s model [8], its reduction can significantly reduce trailing edge noise.
At BL1 (Fig. 4.12), the application of a flow suction at an angle of α = 30◦ and flow
severity of σ = 2.5 reduces the spectral content of the surface pressure fluctuations
in the range of frequencies between 100 Hz and 5 kHz, above which only a modest
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FIGURE 4.12. Power spectral density of the surface pressure fluctuations at
flow control angle α= 30◦ at locations BL1, BL2 and BL3.
increase (≈ 1 dB/Hz) in φpp is observed. At increasing downstream locations (BL2 and
BL3), the spectral content (φpp) exhibits a broadband increase compared to BL1, which
can be explained as a consequence of recovering flow. This effect reduces the frequency
range where the positive effects of the flow control method can be obtained. At BL3,
this range is between 250 Hz and 1.4 kHz. The surface pressure PSD can be linked to
the behaviour of the velocity PSD formerly seen in Fig. 4.8. For σ = 2.5, a broadband
reduction is achieved in both velocity and surface pressure PSD downstream of the
flow control treatment (BL1-BL3), in the frequency range of 100-2000 Hz. Both urms
and φuu suggest that the reduction in the low and mid-frequencies could be associated
with the reduction of both the size and energy content of the logarithmic layer. The
observed increase at high frequencies, namely above f ≈ 5 kHz at BL1 and BL2, and
above 1.4 kHz at BL3, seems to be associated with the increased energy content at the
inner peak (y+ ≈ 30). Therefore, it can be concluded that the footprint of the small-
scale near-wall turbulent motions could be responsible for the increase of the surface
pressure fluctuations at high frequencies when low suction rates (σ = 2.5 and 3.7) are
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FIGURE 4.13. Power spectral density of the surface pressure fluctuations at
flow control angle α= 50◦ at locations BL1, BL2 and BL3.
applied. Additionally, the pressure spectrum increases at low frequencies, i.e. below
200 Hz, at the close vicinity of the trailing edge (BL3) regardless of the applied flow
suction severity. This seems to suggest that the presence of the trailing edge affects
the properties of the boundary layer. At σ = 3.7, φpp follows the same behaviour as at
σ= 2.5, but the increase at the low-frequency ( f < 200 Hz) pressure spectral content is
observed at earlier streamwise locations, i.e. at BL1 and BL2. An analogous growth in
the spectral content at the low frequencies cannot be observed in the velocity spectrum
(φpp). This seems to suggest that the observed increase cannot be associated with the
turbulence of the flow.
At increasing flow control angles (α= 50◦,70◦ and 90◦), the reduction in the spectral
content φpp takes place over a wider range of frequencies. At location BL1, the mea-
sured spectral content collapses on the level of the background noise for values of the
flow control severity larger than σ ≈ 6.0. For α = 70◦ at σ = 7.5 and α = 90◦ at σ = 9.1,
a broadband hump is observed at BL1 between f = 2 kHz and f = 10 kHz, which still
presents at BL2 but with lower amplitudes. As the flow control severity (σ) increases,
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FIGURE 4.14. Power spectral density of the surface pressure fluctuations at
flow control angle α= 70◦ at locations BL1, BL2 and BL3.
the low-frequency noise is observed to increase at BL3 regardless of the flow control
angle α.
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FIGURE 4.15. Power spectral density of the surface pressure fluctuations at
flow control angle α= 90◦ at locations BL1, BL2 and BL3.
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4.3.2 Velocity-pressure Cross-spectral Density
As observed in the previous analysis, boundary layer suction alters the spectral con-
tent of both velocity and pressure fluctuations. To examine the spectral content of the
velocity-pressure interaction, the coherence (normalized cross-spectra, γ2pu) was calcu-
lated between the velocity and surface pressure signals at different streamwise and
wall-normal locations. The velocity-pressure cross-spectra can be calculated as
γ2pu =
| p̂( f ) û( f )|2
φppφuu
,(4.2)
where p̂( f ) and û( f ) are the Fast Fourier Transform (FFT) of the time signals p(t)
and u(t), respectively, and | | is the absolute value operator. From a physical point of
view, the velocity-pressure coherence (γ2pu) represents the frequency dependent relation
between the turbulent flow structures and the surface pressure fluctuations. Therefore,
this quantity establishes a link between the turbulence within the boundary layer and
the surface pressure fluctuations exerted at the wall.
To identify the contribution of the different regions of the boundary layer to the sur-
face pressure spectrum (φpp), Fig. 4.16 presents the velocity-pressure cross-spectra for
the baseline boundary layer (σ= 0) at BL3. In general, Fig. 4.16 reveals that the closer
the turbulent structures are to the wall, the more significant effect they play on the sur-
face pressure fluctuations exerted on the wall. A significant amount of the contribution
to φpp originates from the velocity fluctuations below the logarithmic layer (y+ < 20)
over the entire range of the investigated frequencies, see Fig. 4.16. The logarithmic
layer (20 < y+ < 300) also plays a significant role on γ2pu at low frequencies ( f < 1 kHz).
Finally, the wake layer (300< y+ < 2000), where larger structures are located, is associ-
ated with lower levels of coherence at low frequencies.
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FIGURE 4.16. Velocity-pressure cross-spectra for the baseline case (σ = 0) at
BL3.
Figures 4.17, 4.18, 4.19 and 4.20 present the velocity-pressure cross-spectra (γ2pu)
for α = 30◦,50◦,70◦ and 90◦, respectively, over the entire span of the boundary layer
thickness, at BL1, BL2 and BL3. When flow suction is applied, the velocity-pressure
cross-spectra (γ2pu) undergoes significant changes as compared to the spectrum associ-
ated with the turbulent boundary layer in the absence of flow control. First, the results
obtained from the use of the most shallow flow control angle, α = 30◦, are discussed,
see Fig. 4.17. When flow suction is applied, the regions characterised by large spectral
content match those obtained for the baseline case (σ = 0). In other words, the regions
where velocity-pressure coherence exceeds γ2pu > 0.05 are in the same range of frequency
and wall-normal locations as for σ = 0. At BL1 for σ = 2.5, the velocity-pressure cross-
spectra reveal that the velocity fluctuations in the buffer layer (y+ < 20) give a more
significant contribution to φpp when flow suction is applied. Below y+ < 40 at BL1, four
different islands of high coherence can be identified. Two areas of high coherence are
visible at low frequencies, i.e. f < 500 Hz, one between y+ = 30 and y+ = 300 and one
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FIGURE 4.17. Velocity-pressure cross-spectra at flow control angle α= 30◦ and
flow suction severity (a) σ= 2.5 and (b) σ= 3.7 at locations BL1, BL2 and
BL3.
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below y+ = 30. In the range between 500 Hz and 5 kHz, a region of high γ2pu is found at
10< y+ < 40. Finally, a region of high coherence is visible at high frequencies ( f > 5 kHz)
at y+ < 20. The coherence observed at low frequencies ( f < 500 Hz) between y+ = 30 and
y+ = 300 represents the effects of the turbulent motions within the logarithmic region
on the surface pressure fluctuations. When compared to the baseline case, flow suction
reduces the communication between velocity and pressure fluctuations in the logarith-
mic region. On the other hand, the very high levels of γ2pu at y
+ < 40 could be the result
of the increased velocity gradient (du/dy), which was observed to enhance the energy
content (urms) within this region of the boundary layer (Fig. 4.6(a)). The observed in-
crease at high frequencies ( f > 5 kHz, y+ < 20) overlaps with the area where an increase
in ∆φuu was also found in Fig. 4.8(a). Therefore, the contribution of velocity fluctuations
to the surface pressure fluctuations above f = 5 kHz and below y+ = 20 also confirm that
the turbulent motions below the logarithmic layer (y+ < 20) are responsible for the in-
crease of φpp (see Fig. 4.12) over the same range of frequencies ( f > 5 kHz). At BL2
for σ = 2.5 and α = 30◦, the structure of the γ2pu map changes compared to BL1. At
low frequencies ( f < 500 Hz), the magnitudes of γ2pu decrease in the logarithmic layer
(30 < y+ < 300) with respect to BL1, which shows that the contribution of the velocity
fluctuations from the logarithmic layer to the surface pressure fluctuations decrease
when moving from BL1 to BL2. This observation also confirms that the turbulent ki-
netic energy diminishes in the logarithmic region as a consequence of flow suction. At
BL2, the low-frequency area ( f < 500 Hz) of high coherence shows significantly lower
levels of γ2pu below y
+ = 20, but a larger spectral content can be observed in the region
of 8< y+ < 50 and 200 Hz < f <2 kHz. The wall-normal locations of intense communica-
tion match well with the area of increased urms observed in Fig. 4.6(a). This reveals that
the turbulent motions are increased by flow suction at the location of the inner peak.
The findings on velocity-pressure cross-spectra are in agreement with the increase of
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φpp between locations BL1 and BL2 over the same range of frequencies. The observed
changes in the velocity-pressure cross-spectra between BL1 and BL2 suggest that the
major contribution to the surface pressure fluctuation originates from the inner peak at
BL2, as a consequence of flow suction. This is different from the baseline case, where
each region of the boundary layer (buffer, logarithmic and wake) was found to provide a
comparable contribution to the surface pressure fluctuations. Finally, at BL3, the coher-
ence map shows slightly different features as compared to locations BL1 and BL2. The
urms profiles in Fig. 4.6(a) show that at BL3 the inner peak is associated with higher
magnitudes of turbulent energy content, and its corresponding y+ location moves closer
to the wall with respect to the baseline case. The velocity-pressure cross-spectrum at
BL3 are consistent with this observation, where the mid-frequency region of high co-
herence (6 < y+ < 20 and 100 Hz < f <1 kHz) is found at lower levels of dimensionless
wall distance with respect to locations BL1 or BL2. Additionally, an area of high coher-
ence is observed at high frequencies above f > 2 kHz and below y+ = 20, which is in
agreement with the increase in φpp and φuu (Figs. 4.12 and 4.8). These two mid- and
high-frequency regions of high coherence are isolated from each other, as very low co-
herence (γ2pu < 0.05) is found between these two islands of high γ2pu. This observation
suggests that the flow structures characterising these two islands of high coherence are
independent of each other, even though they are found approximately at the same dis-
tance from the wall. Additionally, at both BL2 and BL3 locations, low levels of coherence
are observed at the logarithmic region (20< y+ < 300), which also indicates a reduction
of turbulent kinetic energy as a result of flow suction.
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When the flow suction rate reaches the value of σ= 3.7, the pattern of the velocity-
pressure cross-spectra remains very similar to that of σ = 2.5, see Fig. 4.17(b). The
spectral content (γ2pu), decreases in the regions of high intensity when compared with
the corresponding spectra for σ = 2.5. This observation is in agreement with the PSD
of both velocity and surface pressure, where higher levels of reduction are found at
increasing rates of flow control severity, σ.
Similar observations can be made at increasing values of flow control severity (σ)
or flow control angle (α). For α = 50◦ and σ = 4.3 at BL1 (Fig. 4.18(a)), two areas of
high coherence are visible at low frequencies ( f < 500 Hz), namely at y+ < 20 and at
30< y+ < 300. At mid-frequencies, γ2pu is characterised by lower values than at σ= 2.5,
see Fig. 4.17(a). This is in agreement with the lower energy content at mid-frequencies
previously observed for φuu. On the other hand, the high frequency area of high coher-
ence ( f > 5 kHz and y+ < 20) is not observed at BL1 (Fig. 4.18(a)), which is consistent
with the reduction observed in φpp at high frequencies (see Fig. 4.13(a)). At BL2 and
BL3, the same structure in the γ2pu spectrum is observed for α= 50◦ as for α= 30◦ (see
Fig. 4.17(a)). Independent of the flow control angle, an increase in the flow control sever-
ity (σ) produces the same effects on the velocity-pressure cross-spectrum, which can be
observed by comparing Fig. 4.18(a) and Fig. 4.18(b). In particular, the spectral content
diminishes at increasing values of flow control severity.
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FIGURE 4.18. Velocity-pressure cross-spectra at flow control angle α= 50◦ and
flow suction severity (a) σ= 4.3 and (b) σ= 6.2 at locations BL1, BL2 and
BL3.
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The velocity-pressure cross-spectra at the flow control angles α = 70◦ and α = 90◦
show a structure similar to the one observed at lower flow control angles. A general
drop is visible in the spectral content (γ2pu) as flow suction severity and flow suction
angle increase. This drop is particularly strong at BL3, where the islands of intense
coherence found in Fig. 4.17 and 4.18 disappear for σ> 7.0. This indicates a significant
amount of reduction in both velocity and pressure fluctuations. This observation is in
agreement with the values obtained earlier in this chapter for the quantities urms, φuu
and φpp. Nonetheless, some exceptions to this trend are observed. For example, at BL1,
for α= 70◦ and σ= 7.5 (see Fig. 4.19(b)), and for α= 90◦ and σ= 9.1 (see Fig. 4.20(b)), the
high-frequency ( f > 5 kHz) area of high coherence below y+ = 20 exhibits higher levels
of coherence than at lower σ for a constant flow control angle (α). These areas of high
coherence match the increase in the surface pressure spectra (φpp) at high frequencies
( f = 2−10 kHz), see Figs. 4.14 and 4.15. This effect still persists downstream at BL2.
This observation suggests that the broadband humps in φpp are associated with near-
wall high-frequency turbulent motions.
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FIGURE 4.19. Velocity-pressure cross-spectra at flow control angle α= 70◦ and
flow suction severity (a) σ= 5.0 and (b) σ= 7.5 at locations BL1, BL2 and
BL3.
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FIGURE 4.20. Velocity-pressure cross-spectra at flow control angle α= 90◦ and
flow suction severity (a) σ= 6.1 and (b) σ= 9.1 at locations BL1, BL2 and
BL3.
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4.3.3 Spanwise Extent of Turbulent Structures
According to Amiet’s model [8], the product between the surface pressure spectra (φpp)
and the spanwise extent of the turbulent length scales (Λz) drives the generation of far-
field trailing edge noise. While pressure spectra are quantified from the surface pressure
fluctuations and are shown in Figs. 4.12 to 4.15, an estimate ofΛz is still missing. To un-
derstand how uniform flow suction affects the far-field noise, its effect on the spanwise
extent of the turbulent structures is investigated in the following. Amiet defined the
spanwise length scale of turbulent structures as shown in Eq. (2.2) of Chapter 2, where
Λz is the integral of the spanwise coherence, γ2z, over varying separation distances ∆z.
To examine the coherence at different ∆z, microphone signals acquired at three span-
wise spacings are considered, namely at ∆z/δ0 = 0.12,0.26 and 0.38, collected from the
spanwise pressure transducer array located at x/δ0 = 3.6, near the trailing edge (see
Figs. 4.21 and 4.22). An estimation of the spanwise extent of the turbulent structures
within the flow (Λz) is presented in Fig. 4.23 for flow control angles of α = 30◦,50◦,70◦
and 90◦. This estimation was derived from Eq. (2.2) using a trapezoidal integration
scheme. The spanwise coherence was calculated from surface pressure signals using
three different microphone spacings, i.e. ∆z/δ0 = 0.12,0.26 and 0.38.
First, the spanwise coherence (γ2z) is considered for discussion, see Figs. 4.21 and
4.22. The most shallow flow control angle, α= 30◦, is firstly discussed, see Fig. 4.21(a).
For the smallest separation distance, ∆z1, the application of flow suction reduces the
spanwise coherence over all frequencies regardless of the suction severity. This indi-
cates that the spanwise extent of the turbulent motions with a characteristic spanwise
length comparable with ∆z1 are reduced as a consequence of flow suction. Similar ob-
servations can be made with respect to ∆z2, even if flow suction at high flow control
severity increases the spanwise coherence at low frequencies. In the case of the largest
separation distance under investigation (∆z3), the spanwise coherence is observed to
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FIGURE 4.21. Normalized cross-spectra (coherence) of spanwise microphone
signals at x/δ0 = 3.6 at flow control angles (a) α= 30◦ and (b) α= 50◦.
significantly increase at low frequencies ( f < 200 Hz) regardless of the applied σ. The
observations with respect to ∆z2 and ∆z3 suggest that the characteristic spanwise ex-
tent of the turbulent structures increases at low frequencies ( f < 200 Hz) and decreases
at high frequencies ( f > 200 Hz), as a consequence of flow suction. The same observa-
tions can be made for higher flow control angles as for α= 30◦. At α= 50◦, the spanwise
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FIGURE 4.22. Normalized cross-spectra (coherence) of spanwise microphone
signals at x/δ0 = 3.6 at flow control angles (a) α= 70◦ and (b) α= 90◦.
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extent of the turbulent structures increases at low frequencies at increasing separa-
tion distances (∆z) and suction severity (σ). As Fig. 4.22 reveals, the behaviour of the
spanwise coherence significantly changes for larger values of flow control angle (α= 70◦
and 90◦). Below σ ≈ 5, a similar behaviour of γ2z is observed to α = 30◦ and α = 50◦.
However, above σ ≈ 5, γ2z increases over all frequencies. As was seen in Figs. 4.14 and
4.15, at these high suction severity rates, the surface pressure fluctuations collapse on
the background noise levels, which results in the increase of γ2z. In this case, the micro-
phones sense the background noise, which is independent of the separation distance,
therefore, the coherence is observed to increase.
The estimation of the spanwise extent of the turbulent structures (Λz) is shown in
Fig. 4.23. The values of Λz show that flow suction can lead to both an increase and
a reduction of the spanwise extent of the turbulent structures, depending on the flow
suction severity, σ. For α= 30◦, the flow suction reduces Λz at f > 200 Hz. For α= 50◦,
increasing the suction rate results in a growth of Λz at low frequencies ( f < 200 Hz),
analogous to α = 30◦. Overall, Λz increases at low frequencies for increasing σ and α
(Fig. 4.23(b)). Λz grows at high frequencies when flow suction exceeds σ ≈ 5−6. This
effect can be explained as the result of a partial laminarisation of the boundary layer,
which is consistent with the observed drop in the content of the surface pressure spec-
trum (φpp) as a consequence of severe flow suction.
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FIGURE 4.23. Estimation of spanwise extent of turbulent structures at x/δ0 =
3.6 for flow control angles of (a) α = 30◦, (b) α = 50◦, (c) α = 70◦ and (b)
α= 90◦.
4.3.4 Estimates of Far-field Noise
With the help of the surface pressure fluctuations (φpp) measured in the close vicinity
of the trailing edge at BL3 (x/δ0 = 4) and the help of the spanwise extent of turbulent
structures (Λz), the far-field noise can be estimated using Amiet’s trailing edge noise
model [8]. Figure 4.24 presents the far-field noise (Spp) estimated using Amiet’s trail-
ing edge noise model with an observer location being 1 m above the trailing edge for
all considered cases of α and σ. In general, Spp shows that flow suction reduces the
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FIGURE 4.24. Estimation of far-field noise at flow control angles (a) α= 30◦, (b)
α= 50◦, (c) α= 70◦ and (b) α= 90◦ using Amiet’s trailing edge noise model
with the observer located at a vertical distance of 1 m above the trailing
edge.
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far-field noise over a wide range of frequencies. As both Λz and φpp increase at low
frequencies, regardless of the flow suction severity, the associated far-field noise also
increases at frequencies lower than f = 200 Hz. In the mid-frequency region, however,
flow suction shows significant reductions in the far-field noise. For α= 30◦, the frequency
band where a reduction is observed ranges between 200 Hz and 1-2 kHz. In agreement
with the spectra of the surface pressure fluctuations (φpp), the extent of the frequency
band where noise attenuation is obtained enlarges for increasing flow suction severity.
On the other hand, the range of frequencies where the flow control technique fails re-
mains invariably confined to frequencies lower than 200 Hz, independent of the flow
control severity (σ) and angle (α). Therefore, the frequency range where a reduction of
the estimated far-field noise is achieved increases with increasing σ. When comparing
Fig. 4.24(c) and 4.24(d), i.e. flow suction at α= 70◦ and α= 90◦, it can be seen that flow
suction at α= 70◦ is more efficient in reducing the far-field noise than at α= 90◦, which
is consistent with the profiles of urms. Additionally, the results at α = 70◦ also reveal
that once laminarisation is achieved, a further increase in the suction severity does not
result in a more significant reduction of far-field noise. This occurs for a flow control
severity of σ≈ 6, which also confirms that the inclined flow suction is more efficient in
reducing far-field noise than the perpendicular flow suction.
Additionally, the far-field noise was also calculated with an observer located at 1 m
radius from the trailing edge with varying polar angles of 0◦−180◦. The far-field noise
overall sound pressure level (OASPL, dB) was calculated by integrating Spp over the
frequency range of 100−10,000 Hz. Results are shown in Fig. 4.25, at different polar
angles. In general, an abatement of OASPL is observed when flow suction is applied
(σ > 0). This indicates that the observed increase of the estimated far-field noise at
low frequencies (see Fig. 4.24) is less dominant than the broadband reduction at mid-
frequencies. In agreement with Spp, as the flow suction severity (σ) and flow control
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FIGURE 4.25. Estimation of far-field noise overall sound pressure level at flow
control angles (a) α = 30◦, (b) α = 50◦, (c) α = 70◦ and (b) α = 90◦ using
Amiet’s trailing edge noise model with the observer located at different
polar angles with a radial distance of 1 m above the trailing edge.
angle (α) grows, the OASPL undergoes a decrease. Also, in agreement with the previ-
ous results, flow suction at α = 70◦ has the best performance in reducing the OASPL
levels, where up to 5 dB of noise reduction is estimated for σ> 6. Once partial laminar-
isation is reached (σ ≈ 6), the further increase of σ does not provide more reduction of
estimated far-field noise. Therefore, based on the results presented in the current chap-
ter, applying uniform flow suction at a flow control angle α = 70◦ with a flow control
severity σ ≈ 6 seems to offer the best performances in terms of the estimated far-field




The present chapter investigated the use of uniform inclined flow suction for the reduc-
tion of trailing edge noise. The flow control treatment was installed on the flat plate
rig upstream of a trailing edge, with the aim of controlling the hydrodynamic pres-
sure field associated with the turbulent boundary layer. Simultaneous measurements
of streamwise velocity with hot-wire anemometry, and surface pressure fluctuations
using flush-mounted microphones were performed at various locations downstream of
the active flow control treatment. Data were collected at different flow control angles
(α = 30◦,50◦,70◦ and 90◦), which is the angle of flow suction with respect to the free-
stream flow, and at a range of flow control severities, σ= 2.5−9.1.
The main large-scale parameters of the turbulent boundary layer, i.e. boundary layer
thickness (δ), displacement thickness (δ∗), momentum thickness (θ), were found to in-
crease in consequence of flow suction, consistent with the simulations of Park and
Choi [79]. In particular, these parameters grew for increasing suction rate (σ) and
flow control angle (α). The dimensionless mean velocity profiles revealed that the wall-
normal extent of the viscous region increased in consequence of flow suction, while the
size of the logarithmic region diminished at growing suction rates. At suction rates
larger than σ > 6, the logarithmic region disappeared, which is an evidence for a ten-
dency towards flow laminarisation. This observation is in fair agreement with the ex-
periments of Oyewola et al. [76], who reported laminarisation above σ = 5.5. Consis-
tent with these evidences of laminarisation, the energy content was also observed to
significantly decrease, as the root mean square velocity profiles showed. When non-
dimensionalised by the inner units, the root mean square profiles of the baseline bound-
ary layer revealed the presence of two peaks, one of them located in the near-wall re-
gion, the so-called inner peak, and the other in the outer region, the outer peak. The
measurements showed that flow suction attenuates the outer peak of the root mean
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square profiles with increasing suction rates. The inner peak, however, was found to
remain insensitive to flow suction.
The velocity power spectral density (PSD) results downstream of the flow control
treatment indicated a significant amount of reduction in the boundary layer energy
content over the entire range of investigated frequencies. In particular, the velocity PSD
was observed to decrease most significantly at high frequencies, which was associated
with the reduction of the flow energy content within the logarithmic region. Increase in
the velocity PSD was observed at low regions of the boundary layer at high frequencies,
which was due to the increased energy content within the buffer layer.
According to Amiet’s model of trailing edge noise [8], the product between the power
spectra of the surface pressure fluctuations (φpp) and the spanwise extent of turbulent
length scales (Λz) is proportional to the far-field noise scattered from the trailing edge.
In the current chapter, the use of flow suction reduced the surface pressure fluctua-
tions at mid- to high-frequencies, in particular, at frequencies larger than 200 Hz. The
amount of this reduction depends on the configuration of the applied flow control method
(α,σ). The spanwise extent of the turbulent length scales (Λz) also changed as a conse-
quence of flow suction. It was observed that uniform flow suction significantly increased
the spanwise extent of the turbulent length scales at low frequencies ( f < 200 Hz). This
trend strengthened for increasing σ. At suction rates σ > 6, Λz became larger than at
the baseline case over the whole range of frequencies under investigation. This could be
explained as a consequence of partial flow laminarisation.
The estimation of far-field trailing edge noise using Amiet’s model showed that in-
clined uniform suction resulted in the reduction of the radiated noise over a wide range
of frequencies. In agreement with the spectra of the surface pressure fluctuations (φpp),
the extent of the frequency range where noise attenuation was obtained enlarged with
increasing flow suction severity. The most significant amount of reduction in the esti-
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mated far-field noise was found at frequencies between 200 Hz and 1-2 kHz, and it was
obtained at a flow control angle of α = 70◦ and for suction rates σ > 6. The results for
flow suction at 70◦ also revealed that once laminarisation is achieved, further increase
in the suction severity did not result in a more significant reduction of far-field noise. At
frequencies lower than f = 200 Hz, the associated far-field noise increased significantly,
as both Λz and φpp grew at low frequencies, regardless of the flow suction severity
and the suction angle. From integrating the estimated far-field noise over the frequency
range of 100 Hz-10 kHz, the far-field noise overall sound pressure level, OASPL, was
presented at different polar angles. In general, a reduction in the OASPL was observed
when flow suction is applied (σ > 0). In agreement with the estimated trailing edge
noise, the OASPL undergoes a decrease for increasing flow suction severity (σ) and in-
creasing flow control angle (α). Flow suction at an angle of α = 70◦ and σ > 6 exhibits
the best performance in reducing the OASPL levels, with a consequent noise reduction











UNIFORM BOUNDARY LAYER BLOWING
I
n this chapter, the effect of uniform inclined blowing from a spanwise slot up-
stream of a sharp trailing edge on a turbulent boundary layer is investigated
experimentally for trailing edge noise reduction purposes. The area of the flow
blowing section is kept constant, while the flow control velocity and the angle of the flow
injection are varied. The effects of the flow treatment on the turbulence statistics are in-
vestigated downstream of the flow control area by means of simultaneous hot-wire and
surface pressure measurements. The flush-mounted microphones are used to estimate
the far-field trailing edge noise with the use of Amiet’s trailing edge noise model [8].
First, the properties of the considered flow control cases are listed in this chapter. As a
next step, the developing flow pattern is analysed to understand the properties of the
flow. To find the aeroacoustic effects of the inclined flow injection, the surface pressure
fluctuation results are analysed and links between the turbulence statistics and aeroa-
coustic changes are identified. As a final step, the estimates of far-field trailing edge
noise is presented to quantify the effects of flow injection on the trailing edge noise.
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5.1 Problem Description
Figure 5.1 gives the geometrical description of the rig and provides the definition of
the coordinate system. The coordinate system consists of the streamwise (x), the wall-
normal (y), and the spanwise (z) directions, and its origin is at the mid span of the
plate and at the downstream edge of the active flow control section. The geometrical
and physical parameters of the flow injection method are given in Section 3.7.2. The
flow control section consists of two main components, a wire mesh and a honeycomb
structure, whose pores are inclined downstream with respect to the free-stream flow to
provide streamwise velocity component to the blown-in air, see Fig. 5.1(b). In the current
work, four different flow injection angles (i.e. honeycomb pore angles) are considered,
namely, α = 30◦,50◦,70◦, and 90◦. Air was introduced into the boundary layer through
the flow control section by using a fan, whose properties are introduced in Section 3.
Similarly to the boundary layer flow suction case formerly presented in Chapter 4,
two different sets of measurements were performed, see Fig. 5.1. In the first set of
measurements, the signals from all flush-mounted microphones were simultaneously
recorded for a range of flow injection velocities (uAFC = 0.2− 0.9u∞) and for all four
flow injection angles (α= 30◦,50◦,70◦ and 90◦). During the second set of measurements,
the streamwise velocity was measured with hot-wire anemometry along the whole wall-
normal span of the turbulent boundary layer thickness, at nine different streamwise
locations, marked as BL1-BL9, see the dashed lines in Fig. 5.1(b). The streamwise loca-
tion (x/δ0) of each hot-wire measurement is provided in Table 5.1. At each BL1-BL9 loca-
tion, the streamwise velocity and surface pressure fluctuations using the flush-mounted
microphones marked by m1-m9 (see Fig. 5.1(b)) were recorded simultaneously to enable
us an in-depth investigation of the turbulent statistics of the boundary layer.
The flow control severity, σ, relates the momentum deficit of the boundary layer to
the momentum of the flow control system. According to Antonia et al. [12], the flow
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(b) Schematics of the hot-wire measurements.

















FIGURE 5.1. Schematics of the rig (a) and the simultaneous velocity and pres-
sure measurements (b) performed at locations BL1-BL9.




where uAFC is the mean flow injection velocity, b is the length of the flow control section,
u∞ = 15 m/s is the velocity of the free-stream flow, and θ0 is the momentum thickness of
the non-disturbed boundary layer. The parameters of the applied flow control cases (i.e.
α and σ values) for which hot-wire anemometry measurements were carried out are
listed in Table 5.3. Additionally, the properties of the baseline boundary layer (σ = 0)
for the shallowest flow injection angle (α = 30◦) was averaged for all locations under
analysis (BL1-BL9) and the resulting mean values are given in Table 5.2.
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BL1 BL2 BL3 BL4 BL5 BL6 BL7 BL8 BL9 TE
(m1) (m2) (m3) (m4) (m5) (m6) (m7) (m8) (m9)
x/δ0 (-) 0.29 0.69 1.08 1.48 1.87 2.27 2.66 2.96 3.25 3.38




[mm] [mm] [mm] [m/s]
(mean) (mean) (mean) (mean)
34 5.20 3.80 0.640
Table 5.2: Mean properties of the baseline boundary layer (σ= 0).
σ
α= 30◦ 1.8, 2.8
α= 50◦ 1.9, 2.7
α= 70◦ 1.0, 1.9, 2.4
α= 90◦ 0.9, 1.8, 2.7
Table 5.3: List of cases under investigation using hot-wire anemometry.
5.2 The Developing Flow-Field
Based on the two sets of measurements described in Section 5.1, the effects of flow in-
jection on the turbulent boundary layer is examined first in this section, followed by its
effects on the surface pressure fluctuations and far-field noise generation in Section 5.4.
In order to understand the effects of blowing on the boundary layer, the developing flow
pattern is first investigated by means of turbulent statistics obtained at locations BL1-
BL9 (see Fig. 5.1(b)) as a function of flow injection angle, α and flow control severity,
σ.
5.2.1 Turbulent Statistics of the Baseline Case
The baseline case is introduced first. Figure 5.2 presents the mean (ū) and the root
mean square (urms) velocity contour maps for the baseline case (σ = 0 and α = 30◦)
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obtained using hot-wire anemometry at locations BL1-BL9. The dashed lines indicate
the location of the trailing edge at x/δ0 = 3.38. As can be expected, a canonical boundary
layer develops over the plate. In the following discussions, the contour maps of the
mean and rms velocities obtained for the baseline boundary layer will form the basis of
comparison with the results of different inclined flow injection cases.
5.2.2 Turbulent Statistics for 90◦ Flow Injection
The effects of flow injection on the turbulent statistics of the turbulent boundary layer
is first investigated for the case of perpendicular flow injection (α= 90◦). Figures 5.3, 5.4
and 5.5 present the mean (ū) and the root mean square (urms) velocity contour maps for
the three considered flow control severities, namely, σ = 0.9,1.8 and 2.7. Additionally,
Fig. 5.6 shows the mean and rms velocity profiles over the entire span of the boundary
layer thickness at locations BL1-BL9 for all cases of σ for the α= 90◦ flow injection. In
order to gain an insight into the behaviour of the flow in the near-wall region (y< 0.4δ0),
Fig. 5.7 presents the mean and rms velocity profiles similarly to Fig. 5.6, but with the
y axis being limited to y< 0.4δ0 to see the near-wall effects of the flow injection.
The results obtained with the use of the lowest flow control severity (σ = 0.9) is in-
vestigated first. At a low flow injection rate, σ= 0.9, the velocity of the injected air is low
(uAFC ≈ 0.1u∞), therefore, Fig. 5.3(a) reveals that the velocity magnitude below 0.2δ0 is
reduced as a consequence of blowing. The mean velocity contour map does not indicate
the presence of flow separation, which suggests that the use of σ= 0.9 does not affect the
aerodynamic performance of the plate significantly. The rms contour plot in Fig. 5.3(b)
also suggests that the boundary layer remains attached to the wall when a low blow-
ing rate is applied. Below y = 0.2δ0, the urms results indicate that the flow injection
increases the turbulent intensity. Over the investigated range of streamwise locations
(BL1-BL9), the rms content below 0.2δ0 first increases (BL1-BL4) then decreases in
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(a) Mean velocity contour map.





















(b) Root mean square velocity contour map.




















FIGURE 5.2. Mean (a) and root mean square (b) velocity contour maps for the
baseline case (σ= 0) at locations BL1-BL9.
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magnitude and the high rms levels spread to a larger y range (BL5-BL9). The mean
velocity profiles in Fig. 5.6(a) also indicate that at locations BL1-BL3 the effect of blow-
ing is limited approximately to below 0.2δ0 and at downstream locations (BL4-BL9),
the deficit in the velocity magnitude spreads over 0.4δ0. The rms velocity profiles in
Figs. 5.6(b) and 5.7(b) also show that blowing with low severity increases the flow en-
ergy content over the entire width of the boundary layer, with the largest amount of
increase observed below y= 0.2δ0−0.4δ0. In agreement with the mean velocity results,
the rms velocity profiles also indicate that the flow remains attached to the wall when
low blowing rate is applied (σ= 0.9). At all streamwise locations under analysis, a hump
in the urms results is observed in the area where the flow control affects the boundary
layer (y ≈ 0.2δ0 −0.4δ0) with a peak located at the centre of the affected area. The lin-
ear behaviour of the velocity profile in this region (y< 0.4δ0) and the peak located at its
half point (y≈ 0.2δ0) both confirms that low severity flow injection triggers the develop-
ment of a shear layer downstream of the flow control section. Figure 5.8(a) presents the
hypothesized developing flow structure based on the observations made regarding the
mean and rms velocity results when low blowing severity is applied. According to the
observations made based on Figs. 5.3, 5.6 and 5.7, a shear layer develops downstream
of the flow control area as a result of flow injection with low blowing rate. This shear
layer remains adjacent to the wall and it travels parallel to the wall downstream of the
flow control section. Additionally, immediately downstream of the flow control section,
a small area of boundary layer flow separation bubble might be present.
A completely different flow behaviour is observed when the blowing severity in-
creases to σ= 1.8. Figure 5.4 presents the mean (ū) and root mean square (rms) velocity
contour maps downstream of the flow control area (x/δ0 = 0−3.5) for the case of σ= 1.8,
which corresponds to uAFC ≈ 0.2u∞. The velocity magnitude below y = 0.4δ0 further
reduces compared to the σ= 0.9 case as a consequence of flow injection, see Fig. 5.4(a).
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.3. Mean and root mean square velocity contour maps for flow injec-
tion angle of α= 90◦ and for σ= 0.9 blowing severity at locations BL1-BL9.
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The urms results in Fig. 5.4(b) suggests the presence of a separation bubble below 0.1δ0
between BL1-BL4. Similarly to the σ = 0.9 case, a shear layer is also observed to de-
velop for the σ= 1.8 case, which has higher energy content and also spans over a large
wall-normal (y) region. Near the trailing edge (x/δ0 = 3.38), the centre of the shear layer
is further from the wall (y≈ 0.4δ0) for σ= 1.8 than for σ= 0.9.
In order to better understand the flow structure as a consequence of blowing at a
moderate rate (σ = 1.8), the mean and rms velocity profiles are presented in Figs. 5.6
and 5.7 for y/δ0 = 0−1 and y/δ0 = 0−0.4, respectively. As the blowing rate increases
from σ= 0.9 to σ= 1.8, the mean velocity reaches lower levels in the boundary layer at
all streamwise locations under analysis (BL1-BL9). Using Fig. 5.7, the mean and rms
velocity profiles also suggest the presence of a separation bubble between BL1 and BL4.
The mean velocity results in Fig. 5.7 have an inflexion point at y ≈ 0.05δ0 at locations
BL1-BL4 which confirms the presence of a separation bubble. In agreement with this,
the rms content in the boundary layer is very low below the location of the inflexion
point of the mean velocity curves, which also suggests the presence of a flow separation
zone, see Fig. 5.7. Downstream of BL4, where the separation zone approximately ends,
the mean velocity profiles show a very similar behaviour to that of σ = 0.9, but with
the velocity profiles being affected over a larger wall-normal area by the flow injection.
Considering the rms velocity results presented in Figs. 5.6(b) and 5.7(b), a similar be-
haviour is observed compared to the σ = 0.9 case with a few discrepancies visible in
the close vicinity of the blowing section (BL1-BL4). At BL1, two peaks are observed in
the velocity rms results, one at y/δ0 ≈ 0.08 and one at y/δ0 ≈ 0.3, see Fig. 5.7(b). The
former is associated with the small separation bubble and the latter indicates the shear
layer which develops as a consequence of flow injection. At BL4, only the upper peak
is observed in the rms results, while downstream of BL4, this peak remains approx-
imately at the same distance from the wall (y/δ0 ≈ 0.3− 0.4). This suggests that the
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small separation bubble restricts the spread of the shear layer within the boundary
layer. Downstream of BL4, however, the centre of the shear layer moves to higher y
locations, and it also spreads over a wide range of wall-normal distance with a high en-
ergy content. In addition, below the peak rms value of the shear layer (y/δ0 ≈ 0.3−0.4),
the energy content has lower values of rms than the baseline boundary layer (σ = 0).
At locations BL1-BL4, this crossing point is observed to occur below y = 0.2δ0, and at
locations BL4-BL9 it moves to y≈ 0.1δ0. These low levels of velocity rms can be the as-
sociated with the injected air. This assumption is investigated in further details in the
following paragraphs. Similarly to the case of flow injection with low blowing rate, a hy-
pothesized flow structure can be drawn using the observations made using Figs. 5.4, 5.6
and 5.7. Figure 5.8(b) presents the hypothesized flow structure as a consequence of mod-
erate (σ = 1.8) flow injection. The schematic reveals that as the injected air enters the
boundary layer, it triggers a flow separation zone adjacent to the wall. As a result of the
interaction between the separation zone, low-momentum injected air and cross-flow, a
shear layer develops over the wall downstream of the flow control section.
Similar but more robust results are observed when the blowing severity further
increases. Figure 5.5 presents the mean and rms velocity contours at locations BL1-
BL9 for the high blowing rate, σ= 2.7. Both the mean and rms results indicate that the
boundary layer entirely separates downstream of the flow control area as a consequence
of flow injection. In addition, a streak of low rms content is observed in Fig. 5.5(b) be-
tween BL1 and BL3 above the shear layer at y≈ 0.4−0.6, which can indicate the injected
air. The rms velocity contour map shows that, as a consequence of flow separation, the
shear layer further departs from the wall. In the separation zone, below the shear layer,
both the velocity magnitude and the flow energy content remains low. Similarly to the
σ = 0.9 and σ = 1.8 cases, Figs. 5.6 and 5.7 present the mean and rms velocity profiles
for the σ= 2.7 blowing rate obtained using hot-wire anemometry at locations BL1-BL9.
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.4. Mean and root mean square velocity contour maps for flow injec-
tion angle of α= 90◦ and for σ= 1.8 blowing rate at locations BL1-BL9.
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At BL1, the mean velocity profile already indicates that the flow is separated as very
low velocity magnitudes are obtained below y = 0.2δ0. The mean velocity profiles re-
main very similar to the BL1 profile at all streamwise locations under investigation
(BL1-BL9). The ū results show that the size of the flow separation zone increases as
the flow moves towards the trailing edge. At BL1, the flow energy content (urms) below
0.5δ0 is lower than that of the baseline case (σ= 0) and higher above it. The low values
of urms below y = 0.5δ0 indicate the injected air. At this location, a peak in the rms
results is observed at y ≈ 0.2δ0, which is the beginning of the developing shear layer.
At all downstream locations of BL1, the peak in the velocity rms results keeps moving
to higher y values, reaching y = 0.9δ0 at BL9. The flow energy content remains low be-
low the shear layer, which is associated with the injected air. Similarly to the case of
flow injection with low and moderate blowing rates (σ = 0.9,1.8), a hypothesized flow
structure can be drawn using the observations made from Figs. 5.5, 5.6 and 5.7. Fig-
ure 5.8(c) presents the hypothesized flow structure as a consequence of high (σ = 2.7)
flow injection. The schematic reveals that as the injected air enters the boundary layer,
the entire boundary layer separates downstream of the flow control area. As the flow
injection rate is high, the blown-in air can penetrate into the boundary layer and it can
be identified by its low energy content. Also, the injected air fills the separation bubble.
As the separation bubble has a low energy content, it is adjacent to the wall, therefore,
it can be expected to result in the reduction of surface pressure energy content. This
explanation is investigated in further details in the following paragraphs.
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.5. Mean and root mean square velocity contour maps for flow injec-
tion angle of α= 90◦ and for σ= 2.7 blowing rate at locations BL1-BL9.
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(a) The hypothesized flow structure when low blowing rate is applied.
A
Shear layerSeparation bubbleBlown-in air
Lsep
Hshear








(b) The hypothesized flow structure when medium blowing rate is applied.
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Shear layerSeparation bubbleBlown-in air
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Hshear






















FIGURE 5.8. The hypothesized flow structure when low (a), medium (b) and
high (c) blowing rates are applied.
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5.2.3 Turbulent Statistics for 70◦ Flow Injection
After understanding the flow-field for the perpendicular flow injection case (α= 90◦), the
effect of inclining the injected air is investigated in this section. The flow injection angle
is reduced to 70◦ which aids the smoother entry of the blown-in air into the boundary
layer. On the other hand, by reducing the flow injection angle, the injected air can be
expected to perturb different portions of the boundary layer. Similarly to the α = 90◦
case, three blowing rates are investigated for α = 70◦ too, a low (σ = 1.0), a medium
(σ = 1.9) and a high (σ = 2.4) blowing rate, whose results are discussed in the same
order in the followings.
Figures 5.9, 5.10 and 5.11 present the mean (ū) and the root mean square (urms) ve-
locity contour maps for the three considered flow control severities, namely, σ= 1.0,1.9
and 2.4. Figure 5.12 presents the mean and rms velocity profiles over the entire span of
the boundary layer thickness at locations BL1-BL9 for all cases of σ for the α= 70◦ flow
injection angle. In addition, Fig. 5.13 shows the mean and rms velocity profiles below
y = 0.4δ0 obtained at locations BL1-BL9. The effects of the low blowing rate (σ = 1.0)
is investigated first. Similar observations can be made for the α= 70◦ and σ= 1.0 case
regarding the mean and rms velocity results as for the α = 90◦ and σ = 0.9 case. The
mean velocity contour plot in Fig. 5.9(a) indicates that the velocity magnitude is reduced
below 0.4δ0 over all streamwise locations (BL1-BL9) as a consequence of flow injection
into the boundary layer. Also, similarly to the α= 90◦ case, the rms velocity contour plot
in Fig. 5.9(b) indicates the development of a shear layer below 0.4δ0. The shear layer
travels parallel to the wall and its corresponding flow energy content increases between
BL1 and BL5, followed by a slight decrease between BL5 and BL9. The same observa-
tions can be made for the α= 70◦ and σ= 1.0 case regarding the mean (ū) and the root
mean square (urms) velocity profiles using Figs. 5.12 and 5.13, as were for the α = 90◦
and σ= 0.9 case.
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Considering these observations, the flow pattern developing for the α= 70◦ and σ=
1.0 case corresponds to the hypothesized flow structure shown in Fig. 5.8(a). In this
case, a shear layer presents over the wall which is responsible for a general increase
in the flow energy content over the entire boundary layer. A similar hypothesized flow
structure was observed for the α= 90◦ and σ= 0.9 case. As can be seen, reducing the flow
injection angle from 90◦ to 70◦ and keeping the flow injection rate low (σ= 1.0) fails to
reduce the flow energy content. Therefore, the flow pattern developing for low injection
rates is not investigated for any shallower blowing rates. Additional discussions on low
injection rates will be provided in terms of the surface pressure fluctuation results in
Section 5.4.
Figure 5.10 presents the ū and urms contour plots obtained using hot-wire anemom-
etry at locations BL1-BL9 for the case of moderate blowing rate (σ = 1.9). In addition,
both the mean and rms velocity results are presented in Figs. 5.12 and 5.13. A similar
flow pattern to that of α = 90◦ and σ = 1.8 case is observed to develop for α = 70◦ and
σ = 1.9. A small separation bubble can be seen between BL1 and BL4 below 0.1δ0. A
shear layer is super-positioned on the separation bubble, with its peak initially (at BL1)
located at the upper edge of the separation bubble (0.1δ0). The shear layer spreads in
the y direction with increasing x, while its corresponding energy content significantly
increases. In addition to the α= 90◦ and σ= 1.8 case, the injected air can be well iden-
tified at locations BL1, BL2 and BL3 between y = 0.1δ0, 0.2δ0 and 0.3δ0, respectively,
see the rms velocity results in Figs. 5.10(b), 5.12(b) and 5.13(b).
The effects of a high blowing rate (σ = 2.4) on the developing flow pattern is inves-
tigated using α = 70◦ flow injection angle, see Figs. 5.11, 5.12 and 5.13. Similarly to
the high blowing rate results observed for the α= 90◦ case, the boundary layer entirely
separates downstream of the flow control section. This is confirmed by both the low
mean and rms velocity magnitudes below 0.1δ0 at all streamwise locations (BL1-BL9).
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.9. Mean and root mean square velocity contour maps for flow injec-
tion angle of α= 70◦ and for σ= 1.0 blowing rate at locations BL1-BL9.
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.10. Mean and root mean square velocity contour maps for flow in-
jection angle of α= 70◦ and for σ= 1.9 blowing rate at locations BL1-BL9.
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In this area, the energy content is lower than in the baseline case (σ= 0), which can re-
sult in the reduction of the surface pressure fluctuations. It can also be concluded that
the developing flow pattern corresponds to the flow structure depicted in Fig. 5.8(c) in
the case of high blowing rate using slightly inclined flow injection angle (α = 70◦). In
addition, the injected air can be well identified in the rms velocity results at locations
BL1, BL2 and BL3 in the vicinity of y= 0.25δ0, 0.3δ0 and 0.4δ0, respectively. This obser-
vation suggests that when the blowing is inclined, the blown-in fluid requires a longer
streamwise distance to mix with the boundary layer.
145
CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.11. Mean and root mean square velocity contour maps for flow in-
jection angle of α= 70◦ and for σ= 2.4 blowing rate at locations BL1-BL9.
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5.2.4 Turbulent Statistics for 50◦ Flow Injection
The effect of the flow injection angle on the turbulent statistics is further investigated
by reducing α and maintaining the flow injection rate (σ). The flow injection angle con-
sidered in the present section is 50◦. Lower flow injection angle can ease the entry of
the injected air into the boundary layer, and the injected air is expected to affect lower
portions of the boundary layer. As was found in the case of α = 90◦ and 70◦, blowing
with low flow control severity (σ< 1) leads to the development of a shear layer without
any reduction of the boundary layer energy content. Therefore, in the case of α = 50◦,
only medium (σ= 1.8) and high (σ= 2.7) blowing rates are considered for discussion in
terms of the developing flow pattern.
Figures 5.14 and 5.15 present the mean (ū) and the root mean square (urms) veloc-
ity contour maps for the σ= 1.8 and σ= 2.7 cases, respectively. The results in Fig. 5.14
suggest that, similarly to the previously discussed cases, moderate blowing (σ≈ 1.8) re-
duces the magnitude of the mean velocity in the lower half of the boundary layer, and it
triggers a small flow separation zone between BL1 and BL3 below y ≈ 0.05δ0. The root
mean square velocity contour map (see Fig. 5.14(b)) also reveals that the blown-in air,
which has a low turbulence intensity, remains visible at locations BL1-BL3 above the
shear layer (0.2−0.3δ0) and below y≈ 0.1δ0. In addition, the energy content of the devel-
oping shear layer is lower than that of the α= 70◦ or α= 90◦ cases for the same blowing
severity. The lower levels of urms can result in lower magnitudes of surface pressure
fluctuations, which is the major source of Amiet’s trailing edge noise model [8]. Fig-
ures 5.16 and 5.17 present the mean (ū) and root mean square (urms) velocity results at
locations BL1-BL9 over the entire (y= 0−1δ0) and over the lower half (y= 0−0.4δ0) of
the boundary layer thickness, respectively. Similarly to the α= 90◦ and 70◦ cases, mod-
erate blowing rate (σ = 1.9) reduces the mean velocity over the entire boundary layer
thickness at all streamwise locations under investigation (BL1-BL9). Initially, at BL1,
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only the lowest 20% of the boundary layer is affected by blowing, but as the flow travels
to further downstream locations, this effect spreads to higher wall-normal distances.
At BL3, the blowing reduces the magnitude of ū below y = 0.4δ0, while at the trailing
edge (BL9), this reduction spreads up to y = 0.6δ0. The urms results in Figs. 5.16 and
5.17 also confirm that when moderate blowing rate (σ = 1.9) with flow injection angle
of α= 50◦ is applied, the flow separates between BL1 and BL3 below 0.05δ0. Above the
separation bubble, the presence of the shear layer is indicated by a peak in the veloc-
ity rms results, which is found at 10%, 25%, 35% and 40% of the baseline boundary
layer thickness (δ0), at locations BL1, BL3, BL6 and BL9, respectively. Until location
BL6, the reduction in the urms is observed both below and above the core of the shear
layer (y≈ 0.2−0.3δ0). This reduction of urms is caused by the injected air. For BL1-BL9,
above approximately y= 0.5δ0, which is the crossing point between the baseline (σ= 0)
and the perturbed (σ = 1.9) rms levels, the flow energy content is increased by blow-
ing. A possible explanation to this effect is that blowing shifts the turbulent structures
away from the wall, which is in agreement with the findings of Park and Choi [79]. In
addition, in their computational work, Park and Choi [79] showed that as the turbu-
lent structures were lifted up by blowing, they became stronger downstream of the flow
control section due to the weaker interaction between the vortices and the wall which
resulted in reduced rate of viscous diffusion. The observations of Park and Choi [79] can
shed light to the behaviour of urms above the shear layer. The continuous increase of
flow energy content above 0.5−0.6δ0 with increasing streamwise locations can be asso-
ciated with uplifted vortices, which area could experience a drop in viscous diffusion at
downstream locations, hence their energy content can be expected to increase.
The developing flow pattern at a high blowing rate (σ = 2.7) is slightly different to
that of the similar blowing rates (σ≈ 2.7) when α= 90◦ and α= 70◦ was applied. It can
be seen that the boundary layer does not separate entirely when injecting air at α= 50◦
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and σ= 2.7, but a very similar flow pattern to that of moderate blowing rates (σ≈ 1.8)
and larger flow injection angles (α = 90◦ and 70◦) develops. This is confirmed by the
similarity of the mean and rms velocity results for both σ= 1.9 and 2.7. In Fig. 5.16(a),
the mean velocity results for σ = 2.7 follow the same behaviour than the σ = 1.9 case,
but the magnitude of velocity reduction in the boundary layer is larger for the σ = 2.7
case, and the reduction in the velocity magnitude spreads over a wider range of y than
for the σ = 1.9 case. The rms results in Figs. 5.16(b) and 5.17(b) for σ = 2.7 also follow
the same behaviour to the σ= 1.9 case. In general, the location of the peak value in the
urms curves shows higher levels of turbulence intensity and the results also indicate
that the shear layer spreads over a wider range of wall-normal distances when a high
blowing rate is applied. In addition, the blown-in air is associated with lower levels of
turbulence intensity than it was for the σ= 1.9 case, and can spread over a larger wall-
normal range in the case of σ = 2.7 between locations BL1 and BL3. The developing
flow pattern when α = 50◦ is applied corresponds to Fig. 5.8(b) for both medium and
high blowing rates (σ = 1.9 and σ = 2.7). It can, therefore, be concluded that reducing
the flow injection angle from α= 70◦ to α= 50◦, the flow is less prone to separation and
even for such high blowing rates (σ> 2.5) when separation was observed for α= 70◦ and
90◦, the boundary layer does not separate entirely when α= 50◦ is applied.
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.14. Mean and root mean square velocity contour maps for flow in-
jection angle of α= 50◦ and for σ= 1.8 blowing rate at locations BL1-BL9.
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.15. Mean and root mean square velocity contour maps for flow in-
jection angle of α= 50◦ and for σ= 2.7 blowing rate at locations BL1-BL9.
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CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
5.2.5 Turbulent Statistics for 30◦ Flow Injection
The lowest flow injection angle considered in the current work is α = 30◦, which is in-
vestigated in the followings. In this section, the effect of flow injection on the turbulent
statistics is discussed when α= 30◦ is applied. Figures 5.18 and 5.19 present the mean
and rms velocity contour maps for σ= 1.8 and σ= 2.8, respectively, downstream of the
flow control area at locations BL1-BL9. Considering the mean and rms velocity contour
plots in Figs. 5.18 and 5.19, it can be seen that the developing flow pattern is very simi-
lar for both σ= 1.8 and σ= 2.8 cases. Both the mean and rms velocity contours suggest
the presence of a small separation bubble at location BL1 for σ = 1.8 and at locations
BL1-BL2 for σ = 2.8. As seen, blowing triggers the development of a shear layer even
for the shallowest flow injection angle for all blowing rates under investigation. The
magnitude of the turbulence intensity associated with the shear layer increases with
increasing σ. Similarly to the discussions of the α = 90◦−50◦ cases, Fig. 5.20 and 5.21
present the mean and rms velocity profiles obtained from the hot-wire measurements
at locations BL1-BL9. Considering the mean velocity profiles, the velocity reduces at all
streamwise locations under investigation as a consequence of moderate (σ = 1.8) flow
injection. When high blowing rate (σ = 2.8) is applied, the magnitude of the mean ve-
locity profiles exceeds the levels of the baseline case (σ = 0) at BL1 and BL2 between
y = 0.1−0.35δ0 and y = 0.15−0.35δ0, respectively, see Fig. 5.21(a). The increase in the
velocity magnitude is associated with the speed of the air entering the boundary layer
from the flow control section. This observation also confirms that the blown-in air re-
mains in the close vicinity of the wall and it has low turbulence intensity, as confirmed
by the rms profiles in Figs. 5.20(b) and 5.21(b). At all locations downstream of BL3, only
a reduction is observed in ū when σ= 2.8 is applied. Downstream of BL6, the mean ve-
locity profiles obtained for both blowing rates under investigation are almost identical
to each other. This suggests that the flow pattern is nearly identical in both cases. In
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terms of the flow energy content, the two cases (σ= 1.8 and 2.8) shown in Figs. 5.20(b)
and 5.21(b) also confirm the similarity of the two flow patterns. Initially, at BL1, a peak
in the urms results is well visible at 0.05δ0 and 0.075δ0 for σ= 1.8 and 2.8, respectively.
As the shear layer develops, this peak slowly shifts to higher wall-normal locations and
it also spreads wider in the boundary layer. At locations BL1-BL6, a low flow energy
content is observed both below and above the urms peak, which is associated with the
blown-in air. It can be concluded that for both σ = 1.8 and σ = 2.8, the developing flow
pattern corresponds to Fig. 5.8(b) as a small separation bubble was observed in both
cases and the blown-in air was well visible in both the mean and rms velocity results.
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.18. Mean and root mean square velocity contour maps for flow in-
jection angle of α= 30◦ and for σ= 1.8 blowing rate at locations BL1-BL9.
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(a) Mean velocity contour map.






















(b) Root mean square velocity contour map.





















FIGURE 5.19. Mean and root mean square velocity contour maps for flow in-
jection angle of α= 30◦ and for σ= 2.8 blowing rate at locations BL1-BL9.
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CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
5.3 The Effects of the Developing Flow Structure on
the Velocity Power Spectral Density
After understanding the developing flow pattern for different flow injection angles (α=
30◦,50◦,70◦ and 90◦) and blowing rates (low, medium and high), the effects of uniform
inclined blowing on the flow energy content as a function of frequency is investigated
with the help of the velocity power spectral density (PSD). The power spectral density of
the velocity fluctuations (φuu, dB/Hz) enables us to examine and quantify the changes
in the turbulent energy content as a function of frequency. The change that the active
flow control causes on the velocity PSD is defined as ∆φuu = φuu,σ 6=0 −φuu,σ=0 (dB/Hz),
where φuu,σ 6=0 is the velocity PSD obtained when flow control is applied, and φuu,σ=0
is the velocity PSD obtained for the baseline case. The velocity power spectral density
results are presented for the same flow injection angles (α) and blowing rates (σ) as
previously investigated in Sections 5.2.2-5.2.5, and at locations BL1-BL9, whose corre-
sponding x/δ0 values are given in Table 5.1. Finding the links between the developing
flow pattern and the changes in the velocity PSD for the cases under investigation (see
Sections 5.2.2-5.2.5) can reveal which portions of the boundary layer at what frequen-
cies gain or loose energy as a consequence of flow injection. As seen from Fig. 5.8, three
types of flow pattern can develop as a function flow injection angle and severity. The
discussion of the velocity PSD results follow the same structure, i.e. the blowing cases
are examined based on their developing flow pattern. The following sections, therefore,
present the velocity PSD for the three types of blowing cases, such as the low, medium
and high blowing rates.
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5.3.1 Low Blowing Rates
In the following discussions, we shall consider the cases whose hypothesised flow struc-
ture shows no sign of separation and a shear layer develops as a consequence of flow
injection (see Fig. 5.8(a)), i.e. α = 90◦ and α = 70◦ using σ = 0.9 and σ = 1.0, respec-
tively. Figure 5.22 shows the changes in the velocity power spectral density obtained
using hot-wire anemometry at locations BL1-BL9 for α = 90◦ using σ = 0.9 blowing
rate, and α = 70◦ using σ = 1.0 blowing rate. The white areas in Figs. 5.22-5.25 corre-
spond to ∆φuu ≈ 0. The ∆φuu maps of the two cases of flow injection angle presented
in Fig. 5.22 are very similar to each other since their corresponding flow structure are
very similar to each other. At low wall-normal distances, below y = 0.05δ0, a reduction
is observed in the flow energy content over all frequencies under investigation, with the
reduction being slightly more pronounced at frequencies above 1 kHz. The amount of
reduction in this area slowly reduces as the flow advances from BL1 to BL9. This area
corresponds to the urms results in Figs. 5.7 and 5.13, where a reduction of flow energy
content was observed at very low wall-distances (y < 0.05δ0) at all locations. The re-
duction achieved in this area is associated with the blown-in air. The shear layer takes
place at all streamwise locations above the area of reduced φuu. In general, the shear
layer increases the flow energy content in the region between y = 0.1−0.4δ0 with the
increase being more significant at high frequencies ( f > 4 kHz) at locations BL1-BL3 for
both α= 90◦ and α= 70◦. This observation suggests that, at initial streamwise locations
(BL1-BL3), the small scale turbulent structures are characterised with high frequen-
cies and high turbulence intensity, which is due to the small size of the shear layer
at these locations. Downstream of BL3, the velocity PSD levels within the shear layer
region (y = 0.1−0.3δ0) slightly increase at low frequencies ( f < 1 kHz). Also, in agree-
ment with the urms results, low blowing rates (σ≈ 1.0) generally increase the turbulent
intensity over all wall-normal directions and frequencies above 0.05δ0. This suggests
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that blowing can lift-up the turbulent structures located in this portion of the boundary
layer.
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CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
5.3.2 Moderate Blowing Rates
In this part, the effects of moderate blowing rates (σ ≈ 1.8) on the energy content of
the boundary layer structures downstream of the flow injection section are discussed.
As was seen in Section 5.2, when moderate blowing rate is applied (σ ≈ 1.8), a shear
layer develops downstream of the flow control section. Below the shear layer, a small
separation bubble develops in the close vicinity of the flow control section (BL1-BL3).
A fluid layer of low energy content is situated above the shear layer. In addition, the
injected air was observed to shift the turbulent motions of the boundary layer away
from the wall above the shear layer. This hypothesised flow structure is presented in
Fig. 5.8(b), and it was observed to develop for the blowing rate of σ = 1.8 for all cases
of flow injection angles under investigation α = 90◦,70◦,50◦, and 30◦. In addition, the
shallow flow injection angles with higher blowing rates, namely α= 50◦ and α= 30◦ for
σ≈ 2.7, were also observed to result in the same flow structure.
Figure 5.23 presents the changes in the boundary layer velocity PSD maps for the
cases when high flow injection angles (α = 90◦ and 70◦) and moderate blowing rates
(σ ≈ 1.8) are applied. The similarity between the two sets of PSD maps at all stream-
wise locations under investigation (BL1-BL9) indicate that the developing flow pattern
is very similar to each other. In general, blowing reduces the velocity power spectral
density in a broadband manner near the wall (y < 0.2δ0 −0.3δ0) at all locations (BL1-
BL9), with the reduction being more significant at high frequencies ( f > 1 kHz). This
reduction is caused by the blown-in air, as it was observed to have low turbulence levels,
see Section 5.2. Above this area (y> 0.2δ0−0.3δ0), the flow injection leads to an increase
in the velocity PSD in two ways. On one hand, this area is dominated by the presence
of the shear layer (y = 0.2δ0 −0.5δ0), which enhances the turbulent motions with in-
creasing streamwise locations. The enhancement of turbulent motions is confirmed by
the increase in the velocity power spectral density with increasing streamwise location
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in this region (y = 0.2δ0 −0.5δ0), which increase is broadband in nature and it is more
significant at low frequencies. On the other hand, the blown-in air shifts the turbulent
motions away from the wall, which results in increased levels of φuu above the shear
layer (y> 0.5δ0−0.6δ0). At BL1 and BL2 for both α= 90◦ and α= 70◦, the small separa-
tion bubble is indicated by the low flow energy content at low frequencies ( f < 400 Hz)
below 0.3δ0. As the flow moves downstream, the size of the separation zone becomes
smaller and it can no longer be distinguished downstream of BL2.
As a next step, the effects of shallow flow injections (α= 50◦ and 30◦) using moderate
blowing rates (σ ≈ 1.8) on the velocity PSD maps are investigated. As was observed in
Section 5.2, when shallow flow injections are applied (α= 50◦ and 30◦), the flow pattern
can be hypothesised as depicted in Fig. 5.8(b) regardless of the applied blowing rate.
Figures 5.24 and 5.25 present the changes in the velocity power spectral density (∆φuu,
dB/Hz) for α = 50◦ and α = 30◦, respectively. The velocity PSD maps behave very sim-
ilarly as for α = 90◦ and α = 70◦ in Fig. 5.23, with some visible discrepancies at early
streamwise locations (BL1-BL5). Initially (BL1-BL5), the velocity PSD maps show three
distinct regions. At small wall-normal distances (y< 0.2δ0), reduction is observed in the
velocity PSD maps, which is sustained at all streamwise locations (BL1-BL9). This ob-
servation was similarly found for α = 90◦ and 70◦ in Fig. 5.23. Between BL1 and BL5,
this area is followed by increased velocity PSD levels between y ≈ 0.1δ0 and 0.3δ0 and
below f = 1 kHz, which indicates the early stages of the shear layer, see the ū and urms
contour maps and velocity profiles in Section 5.2.4 and 5.2.5. This increase is initially
visible at low to moderate frequencies (200 Hz< f <1 kHz) at early streamwise locations
(BL1-BL2) for α = 50◦ and σ = 1.9 in Fig. 5.24(a). At high blowing rates (σ = 2.7−2.8),
the frequency range of the energy increase becomes and also remains broadband in na-
ture at all streamwise locations, with a more significant increase at high frequencies
( f > 3 kHz) observed at early streamwise locations (BL1-BL3) in Fig. 5.25(b). These ob-
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5.3. THE EFFECTS OF THE DEVELOPING FLOW STRUCTURE ON THE VELOCITY
POWER SPECTRAL DENSITY
servations suggest that with increasing the blowing rate or decreasing the flow injection
angle, the shear layer becomes smaller, and therefore it is characterised with smaller
scales of turbulent motions. As a third region between BL1 and BL5, an area of reduced
flow energy content is observed above the shear layer between y ≈ 0.2δ0 and y ≈ 0.4δ0.
In this area, a broadband reduction of φuu is observed for α= 50◦ and σ= 1.9, and the
reduction is characterised with low frequencies ( f < 2−3 kHz) for α = 50◦ and σ = 2.7
and both blowing rates considered for α= 30◦. As was seen during the discussion of the
developing flow pattern in Section 5.2, the flow has low urms content in this wall-normal
region. This portion of the flow field is dominated by the blown-in air which carries low
energy content. The results in Figs. 5.24 and 5.25 reveal that this fluid layer can persist
between BL1 and BL6, and it sufficiently attenuates the velocity fluctuations at low
frequencies.
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CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
5.3.3 High Blowing Rates
As a final step, the velocity power spectral density is investigated when high blowing
rates (σ ≈ 2.5) are applied. As was seen in Section 5.2, the boundary layer entirely
separates downstream of the flow control area when high blowing rates (σ ≈ 2.5) are
applied alongside with high flow injection angles (α = 90◦ and 70◦). The hypothesized
flow structure for these cases is shown in Fig. 5.8(c). Figure 5.26 presents the changes in
the velocity PSD maps for the injection angles of α= 90◦ and 70◦ at a high blowing rate
of σ≈ 2.5. In general, the velocity PSD maps consist of two distinct areas over the entire
plate surface from BL1 to BL9. Below y≈ 0.4δ0, a significant amount of φuu reduction is
observed over all frequencies (100 Hz-10 kHz). This reduction is more significant at high
frequencies ( f > 1 kHz). This area of reduction in φuu is an indication of the separation
zone, which is filled with the low-energy blown-in air. In the upper half of the boundary
layer, an increase in the velocity energy content is observed, which is an indication of
the strong and large shear layer. These areas match well with the urms results formerly
seen in Figs. 5.6 and 5.12. Similarly to the shallow flow injection angles (α = 50◦ and
30◦) and medium blowing rate cases (σ≈ 1.8), the injected air is indicated in the ∆φuu
maps at BL1 and BL2 by the low velocity PSD levels at low frequencies ( f < 300 Hz)
in the vicinity of y = 0.3δ0 and y = 0.2δ0 for α = 90◦ and α = 70◦ cases, respectively.
The results reveal that when the boundary layer separates entirely, the velocity power
spectral density significantly reduces in the x/δ0 = 0−3.4, y/δ0 = 0−1 area, which can
then lead to the attenuation of the surface pressure fluctuations. The issue of surface
pressure fluctuations will be discussed in Section 5.4.
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CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
5.4 The Aeroacoustic Effects of Uniform Inclined
Flow Injection
After understanding the flow pattern for the different configurations of flow control
settings (α,σ), the effect of inclined flow injection on the important aeroacoustic param-
eters is investigated in the second half of this chapter. The flush-mounted microphones
located between the flow control section and the trailing edge can provide information
on the effects of the flow control on the hydrodynamic pressure field. The simultane-
ous measurement of velocity and surface pressure fluctuations at locations BL1-BL9
(see Fig. 5.1) can help us to find links between the flow pattern and their effects on the
surface pressure fluctuations. In the followings, the surface pressure fluctuations are
presented first. Once the behaviour of the surface pressure fluctuations is understood,
the links between the velocity and surface pressure fluctuations are investigated with
the help of velocity-pressure cross-spectral density. This physical quantity can help us
to understand which portions of the perturbed flow are responsible to the changes ob-
served in the surface pressure fluctuations. As a final step, the far-field trailing edge
noise is estimated using Amiet’s model [8] to see the capabilities of the currently pro-
posed flow control method on reducing trailing edge noise.
5.4.1 Surface Pressure Fluctuations for Low Blowing Rates
The surface pressure fluctuations play an important role in the far-field noise radiated
by the trailing edge. The power spectral density (PSD) of the pressure fluctuations (φpp)
enables us to determine the frequency ranges over which the surface pressure fluctua-
tions are reduced or increased as an effect of uniform inclined flow injection. The surface
pressure PSD can be linked to the developing flow pattern and to the behaviour of the
turbulence intensity formerly seen in Section 5.2.
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Figures 5.27 and 5.28 present the surface pressure fluctuation power spectral den-
sity at locations BL1-BL9 for α = 90◦,70◦ and α = 50◦,30◦, respectively. In the case of
low blowing rates (α = 90◦,σ = 0.9 and α = 70◦,σ = 1.0), a shear layer was observed to
develop as a consequence of flow injection with no flow separation. This effect can be
related to the φpp results using Fig. 5.27. Immediately after the flow control section, at
BL1-BL3, for both low blowing rates under investigation, an increase in φpp is observed
at low frequencies ( f < 600−1000 Hz), above which up to 5-10 dB/Hz reduction in the
surface pressure spectra is visible. Further downstream of BL3, φpp are observed to
follow the same behaviour at all locations (BL4-BL9) for both cases of low flow injection
(α = 90◦,σ = 0.9 and α = 70◦,σ = 1.0). At these locations (BL4-BL9), an increase at low
frequencies ( f < 1 kHz) is observed, and a very low amount of reduction (1-2 dB/Hz)
at high frequencies ( f > 1 kHz) is visible in φpp. The initial reduction in the surface
pressure spectra at high frequencies is the result of the blown-in air, which, as was seen
in the ∆φuu maps, was observed to have low energy content at high frequencies in the
near-wall region, see Fig. 5.22. The increase in φpp at low frequencies ( f < 1 kHz) is
associated with the enhanced turbulent motions taking place in the shear layer, as in-
crease at this frequency range ( f < 1 kHz) was observed at the region of the shear layer
in the mean velocity results (see Figs. 5.6 and 5.12) and in the velocity PSD results (see
Figs. 5.22). It can be expected that the distance between the shear layer and the wall
can have an effect on the energy content of the surface pressure fluctuations. In the case
of low blowing rates, the shear layer is the closest to the wall among the investigated
cases. We may suspect that as the shear layer gets farther away from the wall, its effect
on the pressure PSD reduces. This will be investigated during the discussions of the
surface pressure PSD.
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5.4. THE AEROACOUSTIC EFFECTS OF UNIFORM INCLINED FLOW INJECTION
5.4.2 Surface Pressure Fluctuations for Moderate Blowing
Rates
After understanding the effects of the low blowing rates (σ ≈ 1.0) on the surface pres-
sure fluctuations, the moderate blowing rates are investigated (σ ≈ 1.8). The analysis
of the turbulence statistics in Section 5.2 revealed that when a moderate blowing rate
is applied (σ ≈ 1.8), a small separation zone develops downstream of the flow control
area (BL1-BL4), which has a low turbulent energy content over all frequencies. Above
the small separation bubble, a shear layer forms, which according to the ∆φuu maps,
has an increased turbulent energy content over all frequencies (100 Hz-10 kHz), with
a slightly higher φuu levels at low frequencies ( f < 1 kHz). For shallow flow injection
angles (α = 30◦ and α = 50◦), the blown-in air persisted longer in the flow and it was
identified both above and below the shear layer. This portion of the flow has low turbu-
lent energy content, see Figs. 5.16 and 5.20, which was observed to reduce the velocity
PSD levels, see Figs. 5.24 and 5.25. The high flow injection angles (α= 90◦,70◦) are con-
sidered first for discussion, see Fig. 5.27. When high flow injection angles are applied at
a moderate blowing rate (σ≈ 1.8), the surface pressure spectra reaches the background
noise levels between f ≈ 1 kHz and 10 kHz at locations BL1-BL5. With the help of the
∆φuu maps shown in Figs. 5.23 5.24 and 5.25, it can be concluded that the injected air
which covers the area below y ≈ 0.2δ0 and has low turbulence levels above f = 1 kHz
can be responsible for the very low levels of surface pressure fluctuations at the same
frequency range. On the other hand, this portion of flow has higher levels of turbulence
intensity at low frequencies ( f < 1 kHz), which also matches with the higher levels of
φpp in the same range of frequencies. In addition, the shear layer whose centre was
observed to be at y ≈ 0.3δ0 − 0.4δ0 (see Figs. 5.6 and 5.12) has increased turbulence
levels at low frequencies ( f < 1 kHz), see Fig. 5.23. These two changes in the flow field
can be associated with the low frequency increase of the surface pressure fluctuations
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observed at all streamwise locations under analysis (BL1-BL9) for both α= 90◦ and 70◦
when moderate blowing rate is applied (σ≈ 1.8).
Considering the α= 50◦ flow injection angle and moderate blowing rate (σ≈ 1.8), the
surface pressure fluctuations show the same behaviour as for high flow injection angles
(α = 90◦,70◦), which is in agreement with the similarity of the flow pattern in these
two cases. For the shallowest flow injection angle (α= 30◦) at σ= 1.8, however, the φpp
results in Fig. 5.28(b) show a different behaviour for the higher flow injection angle
cases (α = 90◦,70◦ and 50◦). When a moderate blowing rate is applied (σ ≈ 1.8) using
the α = 30◦ flow injection angle, the φpp results show a similar behaviour to the case
when low blowing rates (σ ≈ 1.0) are applied alongside with high flow injection angles
(α = 90◦ and 70◦). The developing flow pattern in the case of α = 30◦ was observed to
have a smaller separation bubble than in the case of the higher flow injection angles
(α> 30◦). The shear layer in the case of α= 30◦ is weaker and it is closer to the wall. In
general, the rms velocity and the velocity PSD results suggest that as the shear layer
gets closer to the wall, it increases the surface pressure fluctuation PSD in a broadband
manner, with a larger increase of φpp at low frequencies ( f < 1 kHz). On the other hand,
the blown-in air with low turbulence intensity was observed above the shear layer over
a longer streamwise distance for α = 30◦. This suggests that as the injected air gets
farther from the wall, it fails to reduce the surface pressure fluctuations. In addition,
when the blowing rate increases from σ ≈ 1.8 to σ ≈ 2.8 and the flow injection angle is
kept shallow (α= 30◦), the increase of φpp generally gets larger, which is in agreement
with the turbulence statistics (urms and ∆φuu), where a more significant increase in the
flow energy content was found as a result of a stronger shear layer.
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5.4.3 Surface Pressure Fluctuations for High Blowing Rates
As a final step, the effects of high blowing rates are discussed (σ ≈ 2.5). In the case
of using high flow injection angles (α = 90◦,70◦) and high blowing rates (σ ≈ 2.5), the
boundary layer was observed to entirely separate from the wall, see Section 5.2. From
an aerodynamics point of view, this can increase drag. On the other hand, from an
aeroacoustics point of view, the results in Fig. 5.27 indicate that when the flow is entirely
separated, and filled with the injected air characterised with low energy content, the
surface pressure fluctuation PSD reaches the background noise levels, and φpp remains
very low over all streamwise locations under analysis (BL1-BL9). As the flow structure
in the case of high blowing rates remains approximately the same over BL1-BL9, the
surface pressure PSD results are also very similar to each other over all streamwise
locations (BL1-BL9). In the case of entire boundary layer separation, the shear layer is
located far from the wall (y ≈ 0.4δ0), and as a result of this, φpp is observed to increase
less significantly at low frequencies, compared to the moderate blowing rates (σ≈ 1.8).
This suggests that as the shear layer is farther from the wall, its footprint on the surface
pressure PSD becomes less significant.
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5.4.4 Velocity-Pressure Cross Spectral Density of the Baseline
Case
After understanding the effect of the flow pattern on the velocity power spectral den-
sity (φuu) and surface pressure power spectral density (φpp), the connection between
these two quantities are investigated using the velocity-pressure cross spectral density
(CSD). In order to examine the spectral content of the velocity-pressure interaction, the
coherence (normalized cross spectral density, γ2pu) was calculated between the surface
pressure and velocity signals at different wall-normal locations. From a physical point of
view, the velocity-pressure coherence (γ2pu) represents the frequency dependent relation
between the turbulent flow structures and the surface pressure fluctuations. Therefore,
this quantity establishes a link between the turbulence within the boundary layer and





















FIGURE 5.29. Velocity-pressure cross-spectra for the baseline case (σ = 0) at
the trailing edge (BL9).
The velocity-pressure coherence of the baseline case (σ= 0) is presented in Fig. 5.29,
which provides an understanding of the contribution of the velocity fluctuations within
the boundary layer to the surface pressure fluctuations. In general, Fig. 5.29 reveals
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that the nearer the turbulent structures are to the wall, the more significant effect they
play on the surface pressure fluctuations exerted on the surface. A significant amount
of the contribution to φpp is originated from the velocity fluctuations below y ≈ 0.02δ0
over the entire range of investigated frequencies, see Fig. 5.29. Between y ≈ 0.02δ0 −
0.2δ0, the velocity fluctuations leave a low-frequency ( f <1 kHz) footprint on the surface
pressure fluctuations. Finally, above y > 0.2δ0, where larger structures can be found,
γ2pu is associated with lower levels of coherence at low frequencies.
5.4.5 Velocity-Pressure Cross Spectral Density for Low Blowing
Rates
Similarly to the discussions of the velocity PSD (φuu) and surface pressure PSD (φpp),
the effects of low blowing rate (σ ≈ 1.0) on p− u coherence is investigated first. Fig-
ure 5.30 presents the velocity-pressure coherence (γ2pu) for the injection angles of α= 90◦
and 70◦ at a low blowing rate (σ≈ 1.0). As was seen in the discussions of the turbulence
statistics in Section 5.2, when low blowing rates are applied, a shear layer develops
over the wall downstream of the flow control section, as illustrated in Fig. 5.8(a). This
can help us to understand the behaviour of the velocity-pressure CSD maps shown in
Fig. 5.30. In Fig. 5.30, the velocity-pressure cross-spectra maps at different streamwise
locations (BL1-BL9) are very similar to each other. In addition, the γ2pu maps in the case
of low blowing rates show similar behaviour to the baseline case. In the close vicinity of
the flow control section, between BL1 and BL3, the cross-spectral maps indicate a reduc-
tion in the communication between the velocity (u) and surface pressure fluctuations (p)
in the range of y= 0.2δ0−0.6δ0 for both α= 90◦ and 70◦. As suggested by the ∆φuu maps
at the same streamwise locations (BL1-BL3) and wall-normal range (y= 0.2δ0 −0.6δ0),
the reduced communication between u and p is the result of the blown-in air with low
turbulence intensity. In addition, between BL1 and BL3, γ2pu is reduced by the flow
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control method at low wall-distances (y < 0.1δ0) above f = 1 kHz, which is in agree-
ment with the reduction observed in the φpp results at the same streamwise locations.
In general, the magnitude of γ2pu between y = 0.2δ0 −0.6δ0 increases with increasing
streamwise locations downstream of BL3. The developing shear layer contributes to
this increase, which, according to the urms results in Figs. 5.6 and 5.12, increases the
turbulence intensity in the range of y= 0.2δ0 −0.4δ0.
5.4.6 Velocity-Pressure Cross Spectral Density for Moderate
Blowing Rates
The effects of moderate blowing rates (σ ≈ 1.8) are investigated next on the velocity-
pressure cross-spectral maps. First, the high flow injection angles (α = 90◦ and 70◦)
are considered. The results in Fig. 5.31 show that the flow injection can significantly
affect the communication between the velocity and surface pressure fluctuations. At
BL1 and BL2, high levels of γ2pu are observed below y < 0.05δ0 and f < 1 kHz for both
α = 90◦ and 70◦ injection cases, where the mean and rms velocity results indicated
flow separation (see Figs. 5.6 and 5.12). Between BL1 and BL6, the communication
between the velocity and surface pressure fluctuations entirely decouples at very low
wall-normal distances (y < 0.1δ0) above f = 1 kHz as a consequence of flow injection,
which is in agreement with the reduction of φpp at the same frequency range. This is
also in agreement with the reduction observed in the φuu maps at the same wall-normal
distances and frequencies, which indicated that the blown-in air has low turbulence
intensity. The development of the shear layer is well visible in the γ2pu maps. Between
BL2 and BL6 and between y = 0.2δ0 and y = 0.4δ0, an island of high correlation is
observed at low frequencies, initially below f = 700 Hz (see BL2), which decreases to
f = 300 Hz with increasing streamwise distance (see BL6). This observation suggests
that as the shear layer develops, its corresponding frequency range decreases, which
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5.4. THE AEROACOUSTIC EFFECTS OF UNIFORM INCLINED FLOW INJECTION
indicates that the turbulent motions associated with the shear layer increase in size.
In the case of shallow flow injection, i.e. at α = 50◦ and 30◦, the magnitudes of γ2pu
generally increase, see Figs. 5.32(a) and 5.33(a). At BL1, two islands of high communi-
cation is observed for both the α = 50◦, and 30◦ cases. One below y = 0.05δ0 between
f = 100 Hz and 700 Hz for both α = 50◦ and 30◦, and another one in the range of
y = 0.1δ0 − 0.3δ0 and y = 0.1δ0 − 0.2δ0, for α = 50◦ and 30◦, respectively. The island
of high p−u communication which is adjacent to the wall (y< 0.05δ0) persists between
BL1 and BL3 for α= 50◦, and it is observed only at BL1 for α= 30◦. Therefore, both its
streamwise and wall-normal extent match with the area where a small separation bub-
ble was observed in Sections 5.2.4 and 5.2.5. This observation suggests that the small
flow separation bubble also contributes to the low frequency noise increase of the sur-
face pressure fluctuations (see Fig. 5.28). Above this area, another island of high γ2pu
is observed at BL1 between y ≈ 0.1δ0 −0.3δ0 for both α = 50◦ and 30◦, which coincides
well with the area where a shear layer was observed in the urms results (see Figs. 5.16
and 5.20). In this region, the high levels of turbulence intensity indicates the begin-
ning of the shear layer. At downstream locations of BL1, this area of high correlation
moves to higher wall-normal distances, and it spreads over a wider wall-normal extent.
In general, the magnitude of γ2pu decreases in the area under the shear layer as the
flow moves downstream. Also, its corresponding frequency decreases with increasing
x. This observation also confirms that the low frequency increase of φpp is associated
with flow structures within the shear layer. In addition, a very low communication level
between the velocity and surface pressure fluctuations is observed above f = 1 kHz at
BL1 for both α = 50◦ and 30◦, which suggests the presence of the blown-in air below
y = 0.1δ0. For α = 50◦, this drop in γ2pu below y = 0.1δ0 persists for a long streamwise
distance, approximately until the trailing edge (BL9). For the shallowest flow injection
angle, α = 30◦, the communication between the velocity and surface pressure fluctua-
185
CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
tions already increases by BL2 at high frequencies ( f > 1 kHz), which can indicate the
interaction between the wall and the shear layer, because the shear layer was observed
at lower wall-normal distances in this case.
5.4.7 Velocity-Pressure Cross Spectral Density for High
Blowing Rates
Similarly to the discussions of the φuu and φpp results, the high blowing rates (σ≈ 2.6)
are considered for analysis after the low and moderate blowing rates. Figure 5.34 shows
the contour maps of γ2pu at locations BL1-BL9 when high blowing rates (σ≈ 2.6) are ap-
plied using α= 90◦ and 70◦. As was seen in the discussions of the turbulence statistics in
Sections 5.2.2 and 5.2.3, in these cases the boundary layer flow separates entirely from
the wall and a large separation zone develops. Above the separation bubble, a shear
layer is observed at large wall-normal distances (y > 0.6δ0), which has a large turbu-
lence intensity, see Figs. 5.6 and 5.12. Considering α= 90◦, the velocity-pressure coher-
ence maps indicate that, similarly to the previously discussed γ2pu maps, the shear layer
is responsible for the low frequency ( f < 600 Hz) increase, as formerly observed in φpp.
This observation is confirmed by the high levels of coherence visible below f ≈ 600 Hz
between y ≈ 0.2δ0 − 0.6δ0, y ≈ 0.4δ0 − 0.6δ0 and y ≈ 0.5δ0 − 0.8δ0, at locations BL1-
BL2, BL3, and BL4-BL6, respectively. This island of high coherence moves away from
the wall with increasing streamwise location. Additionally, its corresponding frequency
range decreases as the flow moves downstream, which is in agreement with the previ-
ous discussions of γ2pu. This observation indicates the development of the shear layer.
For the case of α = 70◦ and σ = 2.4, the γ2pu maps show a similar behaviour at BL1-
BL3 to the moderate blowing rate cases (σ ≈ 1.8). At early streamwise locations after
the flow control section (BL1-BL3), the formerly observed two islands of high coherence
can again be identified at low frequencies ( f < 600 Hz), one at very low wall-distances
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CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
(y< 0.05δ0), and another one between y= 0.1δ0 and y= 0.5δ0. The former is associated
with the presence of a small separation bubble in this region, while the latter indi-
cates the early stages of the shear layer. The area of high coherence which is caused
by the shear layer shows a similar behaviour to all previously discussed cases (low and
medium blowing rates), namely, it spreads to a wider wall-normal distance with in-
creasing x, while its corresponding frequency range generally decreases. On the other
hand, downstream of BL6, the velocity-pressure coherence maps generally show very
low communication between u and p for both the α= 90◦ and 70◦ injection angle cases,
when high blowing rate (σ≈ 2.5) is applied. This area is represents the large separation
bubble, which is filled with the blown-in air of low turbulence intensity. The shear layer
in the case of large blowing rates (i.e. entirely separated boundary layer) is very far
from the wall, therefore, its high turbulence intensity has a less significant effect on the
surface pressure fluctuations.
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CHAPTER 5. UNIFORM BOUNDARY LAYER BLOWING
5.4.8 Estimates of Far-field Trailing Edge Noise
In order to understand how the inclined flow injection affects the trailing edge noise,
its effects on the far-field noise is estimated using Amiet’s trailing edge noise model [8].
According to the model, the product of the spanwise extent of the turbulent length scales
(Λz) and the surface pressure spectra (φpp) drives the generation of far-field trailing
edge noise. While the surface pressure spectra are presented in Figs. 5.27 and 5.28, an
estimate ofΛz is missing. In the current work,Λz is estimated using the spanwise flush-
mounted microphones, which can provide information on the spanwise coherence of
the pressure signals (γ2z) acquired at different separation distances (∆z). Amiet defined
the spanwise length scale of turbulent structures as shown in Eq. (2.2), where Λz is
an integral quantity of the spanwise coherence, γ2z, over varying separation distances,
∆z. In order to examine the coherence at different ∆z, the surface pressure signals
acquired at three spanwise spacings are considered, namely at ∆z/δ0 = 0.1,0.23 and
0.33, collected from the spanwise pressure transducer array located at BL8 (x/δ0 = 2.96),
near the trailing edge (x/δ0 = 3.38). In what follows, the spanwise coherence (γ2z) is
presented first, followed by the estimates of the spanwise length scale Λz as a function
of the flow injection angle, α. As a final step, the far-field trailing edge noise (Spp) is
calculated using Amiet’s noise model with the observer located above the trailing edge
of the flat plate. The far-field noise is integrated between 100 Hz and 10 kHz to get an
understanding of the overall sound pressure levels (OASPL) radiated by the trailing
edge at varying polar angle.
5.4.9 Effects of Inclined Flow Injection on Spanwise Coherence
The spanwise coherence results (γ2z) are presented in Figs. 5.35(a), 5.35(b), 5.36(a) and
5.36(b) for α= 90◦, 70◦, 50◦ and 30◦, respectively. An estimation of the spanwise extent
of the turbulent structures within the flow (Λz) is presented in Fig. 5.37 for all the
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considered flow injection angles. As Λz is an integral quantity of γ2z, the behaviour of
the two physical quantities are very similar to each other and therefore, their behaviour
is discussed together.
Considering α = 90◦ and α = 70◦, the results show both increase and decrease in
γ2z and Λz, depending on the applied blowing rate. For low blowing rates (σ ≈ 1.0), a
broadband increase in the two quantities are observed for all separation distances for
both α= 90◦ and 70◦, which is believed to be caused by the shear layer. In the case of low
blowing rates, a shear layer develops, which is located at low wall-normal distances, see
urms results in Figs. 5.6 and 5.12. As was observed in the velocity and surface pressure
spectral maps (see Sections 5.3 and 5.4), this area is associated with high turbulence
intensity and low frequencies ( f < 1 kHz). In agreement with this, for low blowing rates,
both γ2z and Λz increase over all frequencies ( f = 100 Hz-1 kHz), with a more significant
increase observed below f = 200 Hz, due to the presence of the shear layer.
For moderate blowing rates (σ ≈ 1.8) and high flow injection angles (α = 90◦ and
70◦), the behaviour of both γ2z and Λz changes. In the case of moderate blowing rates,
the spanwise coherence and the spanwise extent of the turbulent length scales both
increase below f = 200 Hz, which is believed to be associated with the presence of a
stronger shear layer at low wall-normal distances (y< 0.2−0.5δ0), see the urms results
in Section 5.2.2-5.2.3. On the other hand, above f = 200 Hz, both γ2z and Λz show lower
magnitudes than the baseline case (σ= 0), indicating a reduction in the spanwise extent
of the turbulent structures at all investigated separation distances (∆z1 to ∆z3). This
reduction can be associated with the low turbulence intensities (urms and φuu) observed
below y = 0.1δ0, which was found to be linked with the presence of the injected air into
the boundary layer.
When the blowing rate further increases to σ> 2.4, the results indicate a significant
drop in the spanwise coherence and spanwise extent of the boundary layer turbulent
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structures for both α= 90◦ and 70◦. A lower amount of increase in γ2z and Λz is observed
at low frequencies ( f < 200 Hz) compared to the moderate blowing rates (σ≈ 1.8) for all
separation distances (∆z1 to ∆z3) when α= 70◦ is applied, and an increase at the same
frequency range is observed for perpendicular blowing (α= 90◦) only for ∆z1. This small
amount of increase in γ2z and Λz is due to the larger distance between the core of the
shear layer and the wall, see the ū and urms plots in Section 5.2. On the other hand, in
the case of high α and high σ, the large separation bubble is filled with low momentum
and low turbulence air, which reduces the spanwise coherence and spanwise extent of
turbulent length scales. This observation is in agreement with the velocity-pressure
cross-spectral maps, where a reduction of velocity-pressure coherence was observed at
the location of the spanwise microphones (BL8, x/δ0 = 2.96) for both α = 90◦ and 70◦
above 200 Hz. In addition, for α= 90◦, the γ2z and Λz results are almost identical to each
other for σ= 2.7 and σ= 3.2, which suggest that the corresponding flow field is the same
above a certain blowing rate, and the flow pattern does not change by further increasing
the injection rate.
Considering α = 50◦, both γ2z and Λz show a slightly different behaviour than in
the case of high flow injection angles (α = 90◦ and 70◦), see Figs. 5.36(a) and (c). In
general, the behaviour of γ2z and Λz becomes less dependent of σ with decreasing α.
However, the formerly observed effects of σ is still visible in the results. When low
blowing rates are applied (σ≈ 1.0), the spanwise coherence increases below f ≈ 200 Hz,
and decreases above it. Both the increase and decrease below and above this frequency
( f ≈ 200 Hz) becomes more significant with increasing σ. This behaviour is in agreement
with the results obtained for the high flow injection angles (α = 90◦ and 70◦), but the
level of the increase and decrease in the spanwise coherence and the length scales is
less significant than what observed previously in the case of the high flow injection
angles. The similarity of these results suggest that the flow patterns developing for
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these cases are very similar to each other at the location of the spanwise microphone
array (BL8, x/δ0 = 2.96). At this particular location (BL8), the turbulence statistics in
Fig. 5.16 revealed that a shear layer appears in the flow, which, as in the case of the
α= 90◦ and 70◦ injections, increases γ2z and Λz at low frequencies ( f < 200 Hz). On the
other hand, the results suggest that the flow pattern does not change above σ= 2.2, as
in these cases (σ ≥ 2.2), the magnitudes of the spanwise coherence and the spanwise
extent of turbulent structures remain approximately the same at all blowing rates, see
Figs. 5.36(a) and (c).
When the shallowest flow injection angle is used (α = 30◦), both γ2z and Λz become
almost entirely independent of σ, see Figs. 5.36(b) and (d). As was already seen in the
discussion of the turbulent statistics (see Section 5.2.5), the developing flow pattern is
very similar to each other for the moderate and high blowing rates (σ = 1.8 and 2.8).
The similarity of the γ2z and Λz results also reveal that the developing flow field is very
similar for all cases of σ when α = 30◦ is applied. For the shallowest α, an increase
in γ2z and Λz is observed below f = 200 Hz, and a slight reduction above f = 200 Hz.
As suggested by the γ2pu results (see Section 5.4.4), the increase at low frequencies is
caused by the shear layer, and the reduction above 200 Hz is due to the presence of a low
momentum and low turbulence air over the plate. The results presented in Figs. 5.36(b)
and 5.37(d) also suggest that in the case of α = 30◦, the boundary layer flow remains
attached for all the blowing rates under investigation.
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FIGURE 5.35. Normalized cross-spectra (coherence) of spanwise microphone
signals at BL8 (x/δ0 = 2.96) for flow injection angles of (a) α = 70◦ and (b)
α= 90◦.
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FIGURE 5.36. Normalized cross-spectra (coherence) of spanwise microphone
signals at BL8 (x/δ0 = 2.96) for flow injection angles of (a) α = 50◦ and (b)
α= 30◦.
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FIGURE 5.37. Estimation of spanwise extent of turbulent structures at BL8
(x/δ0 = 2.96) for flow injection angles of (a) α = 90◦, (b) α = 70◦, (c) α = 50◦
and (b) α= 30◦.
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5.4.10 Effects of Inclined Flow Injection on Far-field Noise
Figure 5.38 presents the far-field noise (Spp) estimated using Amiet’s trailing edge noise
model [8] for all considered flow injection angles (α= 90◦,70◦,50◦, and 30◦) and blowing
rates ranging from low (σ≈ 1.0) to high (σ≈ 3.0). The far-field noise (Spp) was calculated
for an observer located at 1 m from the trailing edge, with polar angles ranging between
0◦ and 180◦. The far-field noise overall sound pressure level (OASPL) was obtained
at different polar angles by integrating Spp between 100 Hz and 10 kHz, which are
presented in Fig. 5.39 for α = 90◦,70◦,50◦, and 30◦. As was shown by Amiet [8], the
generation of the trailing edge noise is driven by the product of the boundary layer
quantities φpp and Λz, and therefore a reduction of the product of these two terms can
result in the attenuation of the far-field trailing edge noise. In general, both Figs. 5.38
and 5.39 reveal that the Spp and OASPL results show a similar behaviour to the surface
pressure spectra results (see Figs. 5.27 and 5.28).
Considering the perpendicular blowing case (α = 90◦), the estimates of the far-field
noise indicate that for low blowing rates (σ ≈ 1.0), an increase is visible at low fre-
quencies ( f < 1 kHz) and a moderate reduction is observed at higher frequencies, see
Fig. 5.38(a). For low blowing rates using an injection angle of α= 90◦, the flow pattern
corresponds to Fig. 5.8(a). In this case, blowing triggers the development of a shear
layer, which leads to low frequency noise increase at the trailing edge, and a moderate
reduction at high frequencies, which according to the γ2pu results, is related to the in-
jected air. As the blowing rate increases to moderate levels (σ≈ 1.8), there is a more sig-
nificant increase at low frequencies ( f < 300 Hz) with respect to the low blowing rates.
On the other hand, more reduction is observed in the far-field noise results at high fre-
quencies ( f > 1 kHz) for moderate blowing rates. The reduction at high frequencies can
be linked with the higher volume of the injected air which has low energy content, see
the urms and φuu results in Figs. 5.6 and 5.23. The increase at low frequencies is also
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observed to reach a plateau, i.e. higher σ does not cause further increase in Spp below
f ≈ 300 Hz. Figure 5.38(a) reveals that the moderate blowing rate (σ = 1.8) reduces
Spp the most. Above σ = 1.8, the flow was observed to entirely separate from the wall,
therefore, Spp shows slightly lower levels at low frequencies ( f < 300 Hz), which is due
to the larger distance between the shear layer and the wall. At this flow pattern, the
pressure field within the shear layer is less effective in increasing the surface pressure
fluctuations, see the φpp and γ2pu results. Also, as the distance between the wall and
the shear layer increases, the spanwise extent of the turbulent structures (Λz) reduces.
These two factors indicate that the most significant noise reduction can be achieved
when the blowing rate is strong enough to trigger flow separation. The Spp results also
reveal that further increasing the blowing rate above this value (σ ≈ 2.5) can result in
less noise reduction at high frequencies ( f > 3 kHz), see σ= 3.2 in Fig. 5.38(a).
A same trend to the α= 90◦ injection is observed in the Spp results for α= 70◦, see
Fig. 5.38(b). At low blowing rates (σ ≈ 1.0), a moderate reduction of Spp is observed
above f = 2 kHz, and an increase is visible below 2 kHz. The physical explanation for
this is the same as that of the α = 90◦ injection. The largest level of reduction above
300 Hz is observed for moderate blowing rate, σ = 1.9, which is also similar to the
observations made in the case of α= 90◦ blowing. When the flow separates, i.e. σ> 2.5,
the far-field noise is observed to increase above f = 3 kHz, but reduce below 300 Hz.
Similarly to the α= 90◦ case, the low frequency reduction is linked with the increasing
distance between the shear layer and the wall.
As the flow injection angle reduces to α = 50◦, the far-field noise results show a
slightly different behaviour, see Fig. 5.38(c). At low blowing rates (σ≈ 1.0), more reduc-
tion is observed in Spp than for the same blowing rate but at a larger flow injection
angle (α = 50◦,70◦ and 90◦). A possible explanation for this is that for shallow flow in-
jection angles (α = 50◦ and 30◦), the blown-in air is able to sustain its low turbulent
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intensity over a longer streamwise distance than at high flow injection angles. In the
case of shallow injection, the air with low turbulence intensity was observed to reduce
the surface pressure fluctuations at high frequencies. Similarly to all higher flow injec-
tion angles, the moderate blowing rate, σ = 1.8, results in the largest amount of far-
field noise reduction above 300 Hz. Also, in agreement with the α = 90◦ and 70◦ cases,
further increasing the blowing rate to σ ≈ 2.2 increases high frequency far-field noise
( f > 1 kHz) but it does not lead to any further reduction of low frequency noise below
f = 300 Hz. This is in agreement with the turbulence statistics (ū and urms), which
indicated that the shear layer is closer to the wall in the case of high blowing rates
for shallow flow injection angles than it is for high flow injection angles. As a result of
this, the footprint of the shear layer on the surface pressure fluctuations is more sig-
nificant at low frequencies, as was confirmed by the velocity PSD and velocity-pressure
coherence results.
Figure 5.38(d) shows the estimates of the far-field trailing edge noise for the shal-
lowest flow injection angle, α = 30◦. Similarly to the α = 50◦ case, the use of low blow-
ing rates (σ ≈ 1.0) can lead to the reduction of the far-field noise at high frequencies
( f > 1 kHz). Increasing the blowing rate to moderate levels (σ ≈ 1.8), again results in
the largest amount of reduction of the far-field noise, but the magnitude of reduction is
lower than for any of the higher flow injection angles (α= 90◦,70◦,50◦) using the same
blowing rate. Further increasing the blowing rate to high values (σ> 2.5) results in the
increase of far-field noise levels. This is due to the lack of flow separation, i.e. the shear
layer is closer to the wall than in the case of higher flow injection angles, see Section 5.2.
In the case of α= 30◦ flow injection, the shear layer remains close to the wall, therefore
the low frequency ( f < 1 kHz) noise increases in a similar manner below 1 kHz regard-
less of the applied blowing rate, σ. In addition, the turbulence levels within the shear
layer increases with increasing σ, which confirms the increasing far-field noise levels at
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FIGURE 5.38. Estimation of far-field noise for flow injection angles of (a) α =
90◦, (b) α= 70◦, (c) α= 50◦ and (d) α= 30◦ using Amiet’s trailing edge noise
model with the observer located at a vertical distance of 1 m above the
trailing edge.
high frequencies ( f > 1 kHz) as the blowing rate increases.
5.4.11 Far-field Overall Sound Pressure Level
In order to understand the overall effects of flow injection on the far-field noise, the far-
field noise predictions were integrated over a wide range of frequencies at varying polar
angles. The overall effects of the different flow control configurations are investigated
using the far-field overall sound pressure levels (OASPL), see Fig. 5.39. In general, the
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behaviour of the OASPL results follow the behaviour of the Spp results formerly seen
in Fig. 5.38. In the case of high flow injection angles (α= 90◦ and 70◦), the results reveal
that only the use of high blowing rates (σ> 2.0) can reduce the overall sound pressure
level. Considering the high flow injection angles (α = 90◦ and 70◦), only the the high
blowing rates can reduce OASPL, i.e. when the boundary layer flow separates from the
wall. Flow separation, however, can have an adverse effect on the drag. This effect could
make the use of such flow control technique (high α and high σ) inefficient. In addition,
the 70◦ flow injection angle shows a better performance at high blowing rates (σ >
2.0), i.e. more reduction of OASPL, compared to the perpendicular blowing (α = 90◦).
This observation suggests that introducing a slight streamwise component to the blown-
in air can favourably affect the aeroacoustic performance of the flow control system.
Considering 50◦ flow injection angle, the results reveal that the reduction of OASPL is
possible only if using σ≈ 1.9−2.2, which falls in the range of moderate blowing rates. As
the analysis of the turbulence statistics revealed, the flow remained attached to the wall
in the case of moderate blowing rates (σ≈ 1.8) and α= 50◦, and only a small separation
bubble was observed downstream of the flow control section between BL1 and BL3. This
implies that the aerodynamic performance of the system is not affected significantly
when moderate blowing rate and α = 50◦ blowing is employed. In addition, comparing
this case (α = 50◦, σ = 1.9) to the case when highest reduction of far-field noise was
achieved using α= 70◦, it can be seen that α= 50◦ using σ= 1.9 slightly underperforms
the α= 70◦ and σ= 2.4 case, but without as triggering large flow separation. Finally, the
results reveal that using the shallowest flow injection angle, α= 30◦, no reduction of the
OASPL is possible, regardless of the flow control severity, see Fig. 5.39(d). In this case,
the shear layer remains in the close vicinity of wall, which increases the far-field noise.
From this, it can be concluded that when flow separation must be avoided, the largest
noise reduction can be achieved using α = 50◦ and a moderate blowing rate (σ ≈ 1.9).
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FIGURE 5.39. Estimation of far-field noise overall sound pressure level for flow
injection angles of (a) α= 90◦, (b) α= 70◦, (c) α= 50◦ and (d) α= 30◦ using
Amiet’s trailing edge noise model with the observer located at different
polar angles with a radial distance of 1 m above the trailing edge.
These noise reduction levels can be enhanced by allowing flow separation, for which
additional reductions at low frequencies can be reached using α = 70◦ and a blowing




This chapter investigated the use of inclined flow injection for the reduction of trailing
edge noise. The inclined flow injection was installed on the flat plate rig upstream of
a trailing edge, with the aim of controlling the hydrodynamic pressure field associated
with the turbulent boundary layer. Simultaneous measurement of velocity with the use
of hot-wire anemometry, and surface pressure fluctuations using flush-mounted micro-
phones was performed at a number of locations downstream of the active flow control
treatment. Results were collected using different flow injection angles (α= 90◦,70◦,50◦
and 30◦), which is the angle of injected air with respect to the free-stream flow. The de-
veloping flow pattern was measured for all cases of flow injection angles and for a range
of flow injection rates (σ), namely, low (σ≈ 1.0), medium (σ≈ 1.8) and high (σ> 2.0).
The turbulence statistics revealed that the use of flow injection can trigger the entire
separation of the boundary layer from the wall when large flow injection angles (α= 90◦
and 70◦) are applied using high blowing rates (σ> 2.0). In the case of moderate blowing
rates (σ≈ 1.8), a small separation bubble was observed downstream of the flow control
section, regardless of the applied flow injection angle. The use of the shallowest flow
injection angle, α= 30◦, did not trigger flow separation regardless of the applied blowing
rate. In the case of low blowing rates (σ ≈ 1.0), no flow separation was observed. In
general, blowing induces a shear layer, whose centre moves away from the wall with
increasing α or σ. Furthermore, in the case of low flow injection angles (α = 50◦,30◦),
the blown-in air remained close to the wall, and is had a low turbulence intensity. This
low energy content resulted in the reduction of the surface pressure fluctuations exerted
on the surface beneath the boundary layer.
According to Amiet’s model of trailing edge noise, the product between the power
spectra of surface pressure fluctuations (φpp) and the spanwise extent of turbulent
length scales (Λz) is proportional to the far-field noise scattered from the trailing edge.
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The pressure-velocity cross-spectral studies revealed that the blown-in air, which is as-
sociated with low energy content, decouples the communication between the velocity
fluctuations and surface pressure fluctuations at frequencies above f = 1 kHz, which
contributes to the attenuation of the power spectra of surface pressure fluctuations
(φpp) at the same range of frequencies. In the current analysis, the use of inclined flow
injection successfully reduced the surface pressure fluctuations from low ( f ≈ 300 Hz)
to very high frequencies ( f ≈ 10 kHz), depending on the applied configuration of flow
control method (α,σ). The shear layer was observed at all cases under analysis and it
increased the surface pressure fluctuations at low frequencies ( f < 300 Hz). This in-
crease could be lowered with using higher flow injection angles (α= 90◦,70◦) and higher
blowing rates (σ > 2.0), which shift the shear layer away from the wall. The spanwise
extent of the turbulent length scales (Λz) was also affected by the application of inclined
flow injection. The use of low blowing rates (σ≈ 1.0) generally increased Λz over all fre-
quencies and length scales. When moderate blowing rates were considered (σ ≈ 1.8),
the spanwise length scales of turbulent motions reduced above, and increased below
f ≈ 200 Hz. When flow separation was triggered using high blowing rates (σ > 2.0),
the spanwise length scales significantly decreased over all frequencies, except at very
low frequencies ( f < 120 Hz). The estimation of the far-field trailing edge noise using
Amiet’s model revealed that inclined flow injection can result in the reduction of the
radiated noise over a wide range of frequencies. When no flow separation was triggered,
the use of α= 50◦ with moderate blowing rates (σ≈ 1.8) performed best in reducing the
far-field trailing edge noise above f = 300 Hz, with increasing it below 300 Hz. In ad-
dition, when the flow separated as a consequence of severe flow injection (α = 90◦,70◦,
and σ> 2.0), more reduction in the far-field noise could be achieved using α= 70◦ with a
blowing severity no larger than that is enough to trigger boundary layer flow separation
(σ≈ 2.4). To summarize, the estimates of far-field noise showed that the use of inclined
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flow injection can reduce the far-field noise, and can be used in various engineering













n this chapter, the effect of multiple transverse jets experimentally investigated
for trailing edge noise reduction purposes. A single line of jet nozzles with dif-
ferent spanwise spacings is located parallel and upstream of the trailing edge of
the plate. The diameter of the jets is kept constant, while the jet velocity ratio, the ratio
between the jet velocity and free-stream velocity, and the spacing between the jets are
varied. The effects of the jets on the turbulence statistics is investigated downstream of
the jet nozzles by means of simultaneous hot-wire and surface pressure measurements.
Additionally, the flush-mounted microphones are used to estimate the far-field trailing
edge noise with the use of Amiet’s trailing edge noise model [8]. First, the properties
of the considered flow control cases are listed in this chapter. As a next step, the de-
veloping flow pattern is analysed to understand the properties of the flow. In order to
find the aeroacoustic effects of the inclined flow injection, the surface pressure fluctua-
tion results are analysed and links between the turbulence statistics and aeroacoustic
changes are identified. Finally, the estimates of far-field trailing edge noise is presented
in order to quantify the effects of flow injection on the trailing edge noise.
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6.1 Problem Description
Figure 6.1 gives the geometrical description of the active flow control method and pro-
vides the definition of the coordinate system. The coordinate system consists of the
streamwise (x), the wall-normal (y), and the spanwise (z) directions, and its origin is
located at the centre of the jet nozzle at the half-span of the flat plate. A single array of
inclined jets has been placed along the spanwise direction on the flat plate as a means
to manipulate the turbulent boundary layer flow, with the aim of reducing the trailing
edge noise. The jet nozzles are circular in shape, with a diameter of D = 4 mm. Tay-
lor [110, 111] reported that when the jet inclination angle is kept below α = 30◦ the
boundary layer flow downstream of the jet nozzles remains attached to the wall. It is
important to avoid the development of adverse pressure gradient as a results of jet in-
jection to maintain the aerodynamic performance of the boundary layer. Therefore, the
jet inclination angle considered for this work is chosen to be α= 15◦ with respect to the
x axis in order to keep the jet injection close to the wall of the flat plate rig and to avoid
flow separation. Previous studies on blade turbine cooling (see Chapter 2) suggested
to use l j/D ≈ 5 in order to ensure that the nozzles can be fitted to aerofoils. Therefore,
the length-to-diameter ratio of the jet nozzles is l j/D = 5. The nozzles are located 30D
upstream of the trailing edge to ensure that the jets can fully develop before reach-
ing the trailing edge. The air was supplied to the jet nozzles using an industrial fan,
whose properties are provided in Section 3. The jet spacing (s), i.e. the spanwise dis-
tance between the jet nozzles, is defined in terms of the jet diameter D (see Fig. 6.1).
Six jet nozzle spacings are considered in this study, namely 1.5D, 2.0D, 2.5D, 3.0D,
3.5D and 4.0D. Detailed results on the turbulence statistics are presented for three jet
nozzle spacings, namely, s = 1.5D, s = 2.0D and s = 2.5D, and additional aeroacoustic
discussions are provided for the jet nozzle spacings of s = 3.0D, s = 3.5D and s = 4.0D.













FIGURE 6.1. Schematics of the trailing edge with the geometrical description
of the inclined transverse jets.
the momentum of the flow control system. According to Antonia et al.[12], the level of




where u jet is the mean velocity of the jets in the nozzles, D is the jet nozzle diameter,
u∞ = 15 m/s is the free-stream flow velocity, ϕ is the porosity parameter, and finally, θ0
is the momentum thickness of the non-disturbed boundary layer.
The porosity parameter, ϕ, relates the total area occupied by the jets (nA jet) to the
overall flow control section area (bD, with b being the width of the flow control section),
and can be written in the form of ϕ = A jet/(sD). The porosity is defined in the plane
perpendicular to the axes of the jet nozzle (see Fig. 6.2). Substituting the expression of
ϕ in Eq. (6.1) results in σ = rA jet/(θ0s), where r = u jet/u∞ is the jet velocity ratio. A
range of jet velocity ratios 0≤ r ≤ 2 is considered in the current work, but more detailed
results and discussions will be provided for r = 0 (baseline case), r = 1 and r = 2. The
flow control settings considered in the current work and the corresponding boundary
layer parameters are listed in Table 6.2.
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FIGURE 6.2. The definition of the jet nozzle porosity.
ST1 ST2 SP1 SP2 SP3 SP4 BL2 BL3 BL4
x/D [-3, 10] [-3, 10] 2 4 14 30 4 14 30
y/δ0 [0, 0.2] [0, 0.2] [0, 0.2] [0, 0.2] [0, 0.2] [0, 0.2] [0, 1] [0, 1] [0, 1]
z/D 0 1.25 [-4, 4] [-4, 4] [-4, 4] [-4, 4] 0 0 0
Table 6.1: The areas covered by traversing the hot-wire sensor in the different sets of
measurements.






















FIGURE 6.3. Schematics of the streamwise, spanwise and line hot-wire mea-
surements.
Figure 6.3 illustrates the three sets of measurements performed in the current study.
Th jet and the turbulent boundary layer flow were studied using hot-wire measure-
ments. In the first set of measurements, the hot-wire sensor was traversed along the
x− y and y− z planes. This set of measurements enabled us to study the effect of the
jets in the wall-normal direction, at different streamwise (ST) and spanwise (SP) cross
sections. The velocity was measured over two streamwise planes, ST1 and ST2, located
at the centre of a jet, and half-way between two neighbouring jets, respectively (see
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Fig. 6.3(a)). The y− z measurement planes are labelled in Fig. 6.3(b) as SP1, SP2, SP3
and SP4. All planar measurements were restricted to the lower fifth of the wall-normal
extent of the boundary layer, i.e. in the region 0 < y/δ0 < 0.2. In order to ensure that
the presence of the jet nozzles do not influence the boundary layer in the baseline case
(r = 0), the flow velocity was measured in the vicinity of the jet nozzles without injecting
air to the flow (u jet = 0). In this case, the hot-wire measurements over the ST and SP
planes were performed only for the coarse jet nozzle spacing (s = 2.5D). The velocity
measurements over the ST and SP planes were performed for three jet nozzle spacings
(s = 1.5D,2.0D and 2.5D) while the low jet velocity ratio (r = 1) was applied. The flow
velocity was also measured over the ST and SP planes for the the jet nozzle spacing
case s = 2.5D while high jet velocity ratio (r = 2) was applied. During the second set
of measurements, the streamwise velocity was measured with hot-wire anemometry
along the whole wall-normal span of the turbulent boundary layer thickness, at three
different streamwise locations, marked as BL2, BL3 and BL4 (see the red dashed lines
in Fig. 6.3). Signals from the hot-wire sensor and the microphone located at the corre-
sponding x location were recorded simultaneously for the jet velocity ratios r = 0,1 and
2 and for jet nozzle spacings of s = 1.5D,2.0D and 2.5D. The locations covered by the
hot-wire anemometry measurements are listed in Table 6.1. In the third set of measure-
ments, the signals from all flush-mounted microphones were simultaneously recorded
for a wide range of jet velocity ratios (0 ≤ r ≤ 2) and for jet nozzle spacings of s = 1.5D,
2.0D, 2.5D, 3.0D, 3.5D and 4.0D. This last set of measurements enabled us to calculate
the spanwise coherence, spanwise extent of the boundary layer turbulent structures, the
power spectral density of the surface pressure fluctuations and, therefore, to estimate
the radiated trailing edge far-field noise using Amiet’s trailing edge noise model [8].
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(a) Mean velocity contours.
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(b) Root mean square velocity contours.
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FIGURE 6.4. Mean (a) and rms (b) velocity results obtained in the ST1 plane
for the baseline case (r = 0) for jet nozzle spacing of s = 2.5D. The black
markers denote the upstream and downstream edges of the jet nozzles.
6.2 The Developing Flow-Field
Based on the described sets of measurements, the developing flow pattern produced by
the injection of multiple jets is examined in this section, including its effects on the
surface pressure fluctuations and far-field noise generation. In order to understand the
effects of multiple jets injection, the developing flow pattern is first investigated by
means of hot-wire measurement results which consist of the mean (ū) and root mean
square (urms) velocities obtained over the ST and SP planes, and additional simultane-
ous hot-wire and surface pressure measurements obtained at locations BL2, BL3 and
BL4, see Fig. 6.3.
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FIGURE 6.5. Mean (a) and rms (b) velocity results obtained in the SP1, SP2,
SP3 and SP4 planes for the baseline case (r = 0) for jet nozzle spacing of
s = 2.5D.
6.2.1 Mean and Root Mean Square Velocity Contours in the
Streamwise and Spanwise Planes
The properties of the baseline boundary layer (r = 0) is presented first. The mean and
rms velocity contours obtained from the ST1, SP1, SP2, SP3, and SP4 planes for the
baseline case (r = 0) are presented in Figs. 6.4 and 6.5. As the baseline case is indepen-
dent of the jet nozzle configuration, the measurement of velocity was performed over
the planes ST and SP for the s = 2.5D jet nozzle configuration only. The mean and rms
velocity results in the streamwise planes (see Fig. 6.4) reveal that the presence of the
jet nozzles does not influence the boundary layer. At the upstream edge of the jet nozzle
in Fig. 6.4, a minor and local disturbance is observed in the lowest 10% of the turbulent
boundary layer due to the presence of the jet nozzle. This disturbance diminishes im-
mediately downstream of the jet nozzle (x/D = 2). The flow uniformity in the spanwise
direction can be assessed using the mean (ū) and rms (urms) velocity results obtained
by traversing the hot-wire probe over the SP1-SP4 planes, see Fig. 6.5. At SP2, SP3 and
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SP4, a narrower spanwise extent was measured compared to SP1, because the velocity
results obtained in SP1 that the flow is uniform in the spanwise direction. As can be
seen from Figs. 6.4 and 6.5, the boundary layer associated with the baseline case can
be considered uniform both along the streamwise and the spanwise directions. Addi-
tionally, Figs. 6.14 to 6.16 present the mean and rms velocity profiles for r = 0,1 and
2 at BL2, BL3 and BL4, Fig. 6.22(a) presents the dimensionless velocity profile for the
baseline case (r = 0) for jet nozzle spacing of s = 2.5D, and Table 6.2 provides the bound-
ary layer parameters of the baseline case (r = 0), such as the boundary layer thickness
(δ), momentum thickness (δ∗), displacement thickness (θ) and friction velocity (uτ) at
locations BL2, BL3 and BL4. The mean and rms velocity profiles in Figs. 6.14 to 6.16
follow the trend of a canonical turbulent boundary layer. The dimensionless velocity
profile presented in Fig. 6.22(a) reveals that the hot-wire measurements were able to
resolve the buffer, the logarithmic and the wake layer of the turbulent boundary layer.
The dimensionless velocity profile shown in Fig. 6.22(a) follows the law of the wall [95].
Finally, the boundary layer properties presented in Table 6.2 confirm that the shape
factor, H = δ∗/θ, of the baseline boundary layer (r = 0) is in the range of 1.3-1.4, which
matches the values of H associated with turbulent boundary layers [95]. It can be con-
cluded that the turbulent boundary layer under investigation is a canonical turbulent
boundary layer.
In the following, the analysis of the flow velocity is limited to the jet nozzle spac-
ings of s = 1.5D,2.0D and 2.5D and jet velocity ratios of r = 0,1 and 2. The surface
pressure measurement results, which were measured for the nozzle spacings of s =
1.5D,2.0D,2.5D,3.0D,3.5D and 4.0D and jet velocity ratios of r = 0− 2, will be pre-
sented in Section 6.3. The turbulence statistics, such as the mean velocity (ū) and root
mean square velocity (urms) enable us to assess the main properties of the flow. The
mean and root mean square (rms) velocity results reveal the effects of the jets on the
216
6.2. THE DEVELOPING FLOW-FIELD
s = 1.5D
r σ δ δ∗ θ uτ
[mm] [mm] [mm] [m/s]
(mean) BL2 BL3 BL4 BL2 BL3 BL4 BL2 BL3 BL4
0 0 33 5.21 5.19 5.23 3.72 3.83 3.79 0.63 0.64 0.64
1 0.55 34 4.31 5.17 4.57 3.42 3.96 3.51 0.78 0.69 0.67
2 1.11 33 2.42 3.41 2.95 1.36 3.12 2.61 1.11 1.01 0.91
s = 2.0D
r σ δ δ∗ θ uτ
[mm] [mm] [mm] [m/s]
(mean) BL2 BL3 BL4 BL2 BL3 BL4 BL2 BL3 BL4
0 0 32 5.21 5.32 5.17 3.71 3.76 3.84 0.64 0.65 0.63
1 0.42 33 4.75 5.35 4.35 3.71 4.06 3.44 0.76 0.65 0.66
2 0.84 32 2.10 3.21 2.36 1.21 2.87 2.05 1.11 0.91 0.78
s = 2.5D
r σ δ δ∗ θ uτ
[mm] [mm] [mm] [m/s]
(mean) BL2 BL3 BL4 BL2 BL3 BL4 BL2 BL3 BL4
0 0 34 5.25 5.28 5.20 3.76 3.80 3.82 0.64 0.64 0.65
1 0.33 35 4.90 5.21 5.02 3.49 3.81 3.92 0.77 0.61 0.61
2 0.66 35 2.72 3.78 3.15 1.58 3.20 2.77 1.01 0.78 0.67
Table 6.2: Boundary layer properties measured for the different jet velocity ratio cases
(r = 0,1 and 2) for nozzle spacings of s = 1.5D, s = 2.0D and s = 2.5D at locations BL2,
BL3 and BL4.
boundary layer flow. Figures 6.6, 6.7, 6.8 and 6.9 provide the contour plots of the mean
(ū) and the root mean square (urms) velocities obtained in the planes ST1 and ST2,
for the jet nozzle spacings of s = 1.5D,2.0D and 2.5D for the velocity ratios of r = 1
and r = 2. The streamwise direction was non-dimensionalized by the jet nozzle diame-
ter (D), while the wall-normal direction by the baseline (r = 0) boundary layer thickness
(δ0). The black squares on the x-axis mark the edges of the jet nozzle on each ST1 plane.
The hot-wire probe was traversed over the ST1 and ST2 planes with streamwise and
wall-normal spatial increments of ∆x/D = 0.25 and ∆y/δ0 = 0.015, respectively.
The results presented in Figs. 6.6 to 6.9 reveal that the potential core of the jets
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remains in the vicinity of the wall, indicating that the jets develop in the near-wall re-
gion regardless of the applied velocity ratio. The proximity of the jets with respect to
the wall confirms that the jets do not trigger boundary layer separation, which is in
agreement with the results of Taylor [110, 111], who found that when the jet inclina-
tion angle is kept below α = 30◦ the boundary layer flow remains attached to the wall.
The root mean square velocity distributions along ST1 in Figs. 6.6(b), 6.7(b), 6.8(b) and
6.9(b) show that the upper and the lower edges of the jets are characterised by a high
energy flow content. These larger values of urms were also reported by former studies
in Refs. [44, 59, 61], where these regions of large urms were found to be associated with
the presence of intense shear. The energy content found in the upper edge of the jet
is higher than the energy content obtained in the lower edge, which is consistent with
the results of Pietrzyk et al.[81]. The energy content of the flow structures associated
with the interaction of the jet flow with the boundary layer flow decays fast with x/D,
with a rate higher than that of the boundary layer. This decay in the energy content
is significant, as it even leads to a drop below the value obtained upstream of the jet
nozzles. This observation is confirmed by comparing the urms values for the r = 1 case,
at ST1 and ST2 (see Figs. 6.6(b), 6.7(b) and 6.8(b)), upstream (x/D < −2) and down-
stream (x/D ≈ 10) of the jet nozzles. For r = 2, a similar trend is observed, as an initial
increase of urms is visible, followed by a drop, see Fig. 6.9(b). However, this decrease
does not lead to urms reaching the baseline value, even at x/D = 10. This suggests that
by increasing the velocity ratio, the flow turbulence requires a longer streamwise dis-
tance to obtain a reduction in its energy content. The lower energy content observed
in proximity of the wall results in lower amplitudes of surface pressure fluctuations,
which can subsequently lead to the reduction of trailing edge noise. This is going to be
further investigated in Section 6.3, following the current discussion on the turbulence
statistics.
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FIGURE 6.6. Mean (a) and rms (b) velocity contours in the ST1 and ST2
streamwise planes for jet nozzle spacing of s = 1.5D and for jet velocity
ratio of r = 1. The black markers denote the upstream and downstream
edges of the jet nozzles.
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FIGURE 6.7. Mean (a) and rms (b) velocity contours in the ST1 and ST2
streamwise planes for jet nozzle spacing of s = 2.0D and for jet velocity
ratio of r = 1. The black markers denote the upstream and downstream
edges of the jet nozzles.
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FIGURE 6.8. Mean (a) and rms (b) velocity contours in the ST1 and ST2
streamwise planes for jet nozzle spacing of s = 2.5D and for jet velocity
ratio of r = 1. The black markers denote the upstream and downstream
edges of the jet nozzles.
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FIGURE 6.9. Mean (a) and rms (b) velocity contours in the ST1 and ST2
streamwise planes for jet nozzle spacing of s = 2.5D and for jet velocity
ratio of r = 2. The black markers denote the upstream and downstream
edges of the jet nozzles.
222
6.2. THE DEVELOPING FLOW-FIELD
The spanwise flow patterns obtained downstream of the jet nozzles can be inves-
tigated by calculating the turbulence statistics over the spanwise planes, at different
streamwise locations. Figures 6.10, 6.11, 6.12 and 6.13 provide the contour plots of the
mean (ū) and the root mean square (urms) streamwise velocities obtained for both ve-
locity ratios (r = 1 and r = 2), over the SP1, SP2, SP3 and SP4 planes, located at the
downstream locations of x/D = 2,4,14 and 30, respectively, with respect to the centre
of the jet nozzles. The hot-wire probe was traversed over the planes labelled as the SP
planes in Figs. 6.10, 6.11, 6.12 and 6.13 with a wall-normal and spanwise spacings of
∆y/δ0 = 0.015 and ∆z/D = 0.125, respectively. In agreement with the previous studies
of Sau and Mahesh [92], the flow patterns resulting from the jet array are not circu-
lar in shape at ST1 and ST2 planes, but elongated along the spanwise direction. The
shape of the jets are well separated in each contour plots at SP1 and SP2 for all nozzle
spacings and velocity ratios, which suggests that they are distinguishable at these two
streamwise locations. The observed jet shapes cannot be clearly identified at increasing
downstream locations with respect to SP2 for all considered cases. As the individual
jets merge, they form a smooth layer of low energy containing fluid below y < 0.2δ0,
over the entire range of span length (z/D), see Figs. 6.10, 6.11, 6.12 and 6.13. At r = 1,
the merging of the jets was observed between SP2 (x/D = 4) and SP3 (x/D = 14), see
Figs. 6.10, 6.11 and 6.12, while at r = 2, the jets were observed to merge between ST3
(x/D = 14) and ST4 (x/D = 30), see Fig. 6.13. The contour plots also reveal that an in-
crease in the spanwise spacing of the jet nozzles results in a delay in the merging of
the jets. Overall, it is important to underline that these multiple jets injections have
the effect of reducing the energy content within the boundary layer, as observed in
Figs. 6.10(b), 6.11(b), 6.12(b) and 6.13(b). The lower energy content observed within the
boundary layer can result in lower amplitudes of surface pressure fluctuations, which
can subsequently lead to the reduction of trailing edge noise.
223
CHAPTER 6. MULTIPLE JETS INJECTION













































































FIGURE 6.10. Mean (a) and rms (b) velocity contours in the SP1, SP2, SP3 and
ST4 spanwise planes for jet nozzle spacing of s = 1.5D and for jet velocity
ratio of r = 1.













































































FIGURE 6.11. Mean (a) and rms (b) velocity contours in the SP1, SP2, SP3 and
ST4 spanwise planes for jet nozzle spacing of s = 2.0D and for jet velocity
ratio of r = 1.
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FIGURE 6.12. Mean (a) and rms (b) velocity contours in the SP1, SP2, SP3 and
ST4 spanwise planes for jet nozzle spacing of s = 2.5D and for jet velocity
ratio of r = 1.
















































































FIGURE 6.13. Mean (a) and rms (b) velocity contours in the SP1, SP2, SP3 and
ST4 spanwise planes for jet nozzle spacing of s = 2.5D and for jet velocity
ratio of r = 2.
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6.2.2 Mean and Root Mean Square Velocity Profiles
Downstream of the Multiple Jets Injection
In order to investigate the streamwise evolution of the jets in the cross-flow along the
wall-normal direction, and to examine the effects of the jets on the turbulent boundary
layer, the streamwise velocity was measured over the entire boundary layer, at different
streamwise locations downstream of the jet nozzles. The hot-wire sensor was traversed
over the entire boundary layer thickness for the jet nozzle spacings of s = 1.5D,2.0D and
2.5D, while jet velocity ratios of r = 0,1, and 2 were applied. The mean and rms velocity
results obtained from these hot-wire measurements are presented in Figs. 6.14, 6.15,
and 6.16, at BL2, BL3 and BL4, corresponding to x/D = 4,14 and 30, respectively. From
the velocity profiles presented in Figs. 6.14, 6.15, and 6.16, we can observe that the
jets have a localized effect on the boundary layer downstream of the jet nozzles. The
effects of the jets are confined to the lower third of the boundary layer (y < 0.3δ0) for
every jet nozzle spacing cases and locations under analysis (BL2, BL3 and BL4), and the
velocity in the upper half of the boundary layer remains unaffected by the flow control
method. The potential core of the jets remains close to the wall even at x/D = 30 (BL4),
which results in an increase in ū below 0.4δ0. Consistent with these observations, the
boundary layer thickness (δ) is unaffected by the jets, and integral flow parameters such
as the boundary layer displacement (δ∗) and the momentum thickness (θ) decrease, as
presented in Table 6.2. Additionally, the friction velocity (uτ) grows due to the increased
momentum near the wall. Moreover, from the observation of the mean velocity profiles
in Figs. 6.14(a), 6.15(a), and 6.16(a), the jets injections do not result in boundary layer
separation, which seems to suggest that the aerodynamic behaviour of the flat plate is
not altered significantly.
After understanding the flow pattern in the proximity of the jet nozzles using the ST
and SP plane measurements (Figs. 6.6 to 6.13), the effect of the jets on the energy con-
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tent of the boundary layer can be assessed using the rms velocity results in Figs. 6.14(b),
6.15(b), and 6.16(b). A reduction in the energy content of the flow structures is observed
at BL3 for the lower velocity ratio (r = 1), while a higher energy content is measured for
the higher velocity ratio at the same location for all jet nozzle spacing cases. At BL4,
a reduction in the energy content is observed at both blowing rates. The flow injection
with higher jet velocity ratio results in a more significant energy reduction at BL4 than
r = 1 for all considered nozzle spacings. This reduction is significant both in terms of
the magnitude and the wall-normal distance extent, and therefore it can be considered
a robust effect of the jet injection on the boundary layer flow. It can be concluded that
the multiple jets produce an initial increase in the flow energy content below y = 0.2δ0
at BL2 (x/D = 4), which drops below the baseline value farther downstream. The down-
stream location where this energy reduction occurs depends on the velocity ratio (r).
A more detailed effects of the jets on the developing flow pattern and surface pressure
fluctuations will be examined with the help of surface pressure energy content (prms) in
Section 6.3.
6.2.3 Changes in the Velocity Power Spectral Density
The power spectral density (PSD) of the velocity fluctuations (φuu, dB/Hz) enables us to
examine and quantify the changes in the boundary layer energy content as a function
of frequency. Figures 6.17, 6.18 and 6.19 present the change that the active flow control
method causes on the velocity PSD (∆φuu = φuu,r 6=0 −φuu,r=0) in comparison with the
baseline case, at locations BL2, BL3 and BL4, for s = 1.5D,2.0D and 2.5D, respectively.
Analysing these PSD differences enables us to determine which portions of the bound-
ary layer lose energy as a consequence of jet injection into the boundary layer. Firstly,
the lower velocity ratio (r = 1) is considered. The velocity PSD results at r = 1 are very
similar for all jet nozzle spacings (s), see Figs. 6.17, 6.18 and 6.19. For all cases of jet
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(a) Mean velocity profiles.
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ū/u∞
BL3
0.2 0.6 1.0 1.4
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FIGURE 6.14. Mean and root mean square velocity profiles for nozzle spacing
s = 1.5D at locations BL2, BL3 and BL4, corresponding to x/D = 4,14 and
30, respectively.
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(a) Mean velocity profiles.
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FIGURE 6.15. Mean and root mean square velocity profiles for nozzle spacing
s = 2.0D at locations BL2, BL3 and BL4, corresponding to x/D = 4,14 and
30, respectively.
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(a) Mean velocity profiles.
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FIGURE 6.16. Mean and root mean square velocity profiles for nozzle spacing
s = 2.5D at locations BL2, BL3 and BL4, corresponding to x/D = 4,14 and
30, respectively.
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nozzle spacing, the ∆φuu results at BL2 reveal that the effect of the jets on the flow is
represented by the low energy content in the vicinity of 0.05δ0, which is most signifi-
cant at low frequencies ( f < 600 Hz). This evidences a reduction in the energy content
of the large turbulent structures. The reduction observed in the area of y < 0.15δ0 at
f < 600 Hz at BL2 and BL3 for all jet nozzle spacing cases also confirms, similarly to
the urms results (Figs. 6.14(b), 6.15(b), and 6.16(b)), that the jets produce a reduction
in the energy content of the boundary layer structures in the near-wall region. On the
other hand, turbulent structures within the top shear layer of the jet (y ≈ 0.075δ0), as
seen in Figs. 6.14 to 6.16 and 6.6 to 6.9, causes an increase in the energy content of
the flow at high frequencies. At BL2, a significant increase in the high frequency region
( f > 500 Hz) can be observed at y < 0.15δ0, which diminishes downstream. It is worth
stressing that the energy content of the velocity fluctuations is reduced regardless of the
jet nozzle spacing over a wide range of frequencies at the trailing edge, as seen in the
BL4 results. Concerning the higher jet velocity ratio (r = 2), similar observations can
be made with respect to the spectra at BL2 and BL3 for all considered jet nozzle spac-
ing cases. At BL4, an important reduction in the energy content is observed at lower
frequencies ( f < 1 kHz), while an increase of the spectral content occurs at frequencies
f > 1 kHz. The velocity PSD results can help understanding the changes of the surface
pressure PSD and velocity-pressure cross-spectral results. The changes observed in φuu
are further investigated during the following discussions on the surface pressure PSD
and velocity-pressure cross-spectral results. Finding the links between these quantities
can help us to find which portions of the boundary layer the flow control method needs
to target in order to reduce the surface pressure fluctuations.
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FIGURE 6.17. Changes in the velocity power spectral density for nozzle spac-
ing s = 1.5D at BL2, BL3 and BL4 for velocity ratios r = 1 and r = 2.
6.3 The Aeroacoustic Effects of Multiple Jets
Injection
6.3.1 Root Mean Square of Surface Pressure Fluctuations
After showing how the jet injection alters the boundary layer and the energy content
in the near-wall region, the surface pressure fluctuations are examined in this section.
The surface pressure is measured using the flush-mounted microphones as described in
Chapter 3. The root mean square of the surface pressure fluctuations (prms) was cal-
culated from the pressure signals acquired at every flush-mounted microphone location
(see Fig. 6.1), which gives an indication of the footprint of the turbulent boundary layer
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FIGURE 6.18. Changes in the velocity power spectral density for nozzle spac-
ing s = 2.0D at BL2, BL3 and BL4 for velocity ratios r = 1 and r = 2.
on the wall. In this analysis of the pressure fluctuations, three parameters were varied,
the jet nozzle spacing (s), the jet velocity ratio (r) and additionally the jet diameter (D).
In particular, Fig. 6.20 shows the results of the rms pressure for three different jet di-
ameters (D = 2 mm, 4 mm and 6 mm), for a range of velocity ratios between r = 1 and
r = 2, and for different jet nozzle spacings (s = 1.5D −4.0D). The root mean square of
the pressure fluctuations are presented at different downstream locations. The markers
between BL3 and BL4 identify the downstream position where the prms curves reach
their minima. In this analysis, prms is non-dimensionalised by the dynamic pressure
of the free-stream flow, p∞ = %u2∞/2, and it is presented along the streamwise direction
(x/D).
The first observation using Fig. 6.20 is that the presented prms curves show similar
233




















































FIGURE 6.19. Changes in the velocity power spectral density for nozzle spac-
ing s = 2.5D at BL2, BL3 and BL4 for velocity ratios r = 1 and r = 2.
behaviour for all as jet nozzle spacings (s), jet nozzle diameters (D) and jet velocity ratios
(r). The similarity of the prms curves suggests that the developing flow pattern is similar
in every case. As the jet diameter increases in Fig. 6.20, the effect of the jet injection
also increases both in terms of the streamwise direction and prms magnitude. The hot-
wire measurements presented in Section 6.2 were restricted to the jet nozzle diameter
of D = 4 mm based on the following considerations. Jets injected to the boundary layer
with the smallest jet nozzle diameter (D = 2 mm) have the shortest streamwise effect on
prms, making the quantification of the turbulent statistics in the affected streamwise
region (x/D ≈ 0−10) rather difficult as it would require mounting a higher number of
microphones in the close downstream vicinity of the jet nozzles. Additionally, the size of
the hot-wire sensor (1.5 mm in length) would be comparable to the jet nozzle diameter
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(a) Jet nozzle spacing of D = 2 mm























































































































































(c) Jet nozzle spacing of D = 6 mm






















































FIGURE 6.20. Root mean square of surface pressure fluctuations measured
in the streamwise direction for different jet diameters (D) and jet nozzle
spacing (s) configurations for varying velocity ratios (r). The markers on
each curve between BL3 and BL4 identify the locations where each of the
prms curves reaches its minimum.
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(D = 2 mm), which would negatively affect the accuracy of the hot-wire measurement
results taken in the close vicinity of the jet nozzles. Jet injections applied through the
jet nozzles with the largest jet diameter (D = 6 mm) generally increase the surface
pressure energy content. When the jets are applied with a jet diameter of D = 4 mm, the
surface pressure energy content experiences both an increase and a decrease depending
on the applied jet velocity ratio (r). These both favourable and unfavourable effects on
prms using jet injection with a jet nozzle diameter of D = 4 mm offers the possibility to
understand the conditions at which the desired reduction in prms can be exploited with
the use of inclined jet injection. Therefore, the medium jet nozzle diameter (D = 4 mm)
was chosen for in-depth analysis. In the case of D = 4 mm, six jet nozzle spacings (s)
were investigated in order to understand the effects of different jet nozzle spacings on
the surface pressure energy content (prms).
For all discussions presented in the rest of this section, the results are limited to jet
nozzle diameter of D = 4 mm, mainly because the developing flow pattern is similar for
all jet nozzle diameter cases, as suggested by the prms results presented in Fig. 6.20.
Results in Fig. 6.20 have shown that the trend of prms does not change significantly with
the jet velocity ratio or jet nozzle spacing. The initial part of each curve has a negative
slope, followed by an absolute minimum, and in the final stage, near the trailing edge,
prms exhibits a mild increase. The observed trend can be related to both the mean
velocity and the energy content results discussed in Section 6.2, see Figs. 6.6 to 6.14.
Immediately downstream of the flow injection area, the jets are completely separated
from each other, with no significant interaction. A significant increase in prms can be
observed in this region. As seen from the SP measurements presented in Figs. 6.6 to
6.13, the jets merge between BL3 and BL4, depending on the applied velocity ratio (r),
and a stable layer of jet fluid develops. This stable layer is characterised by a low energy
content. Once the minimum in prms is reached, flow recovery begins, which is indicated
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by the positive gradient in the curves past their respective minima. It is important to
mention that the prms minima in Fig. 6.20 are observed at slightly different x locations
for different velocity ratios (see the markers between BL3 and BL4), as both r and s
affect the development of the flow pattern. From the comparison between Figs. 6.10
to 6.13 and Fig. 6.20, we can notice that the minima in prms occur at the merging
location of the jets. The observed trend of prms curves is also consistent with the urms
profiles presented in Figs. 6.6 to 6.9 and Figs. 6.14 to 6.16. In Figs. 6.14 to 6.16, in
particular, it can be seen that, regardless of the jet nozzle spacing, at BL3 the injection
at r = 1 produces much lower values of urms than at r = 2. Farther downstream, however,
namely at BL4, the opposite phenomenon can be observed, and lower values of urms are
this time obtained for a velocity ratio of r = 2. This is because the minimum in the
downstream evolution of both urms and prms tends to move downstream at increasing
velocity ratio r.
The necessary energy input for the flow injection can be reduced by increasing the
jet spacing, i.e. reducing the amount of air supplied to the system. However, increasing
the distance between the jets (s) results in a mild increase of the minimum prms, see
Fig. 6.20. In the majority of the gas turbine blade cooling studies (see Chapter 2) a jet
spacing of s = 3.5D is applied to achieve a stable layer of jet fluid on the turbine blades.
Nonetheless, as mentioned in Chapter 2, the Reynolds number associated with the trail-
ing edge noise generation is significantly higher than in the case of the gas turbine blade
cooling applications. Therefore, the high turbulence levels associated with aeroacoustic
applications require a finer spacing of the jets to achieve significant reductions in prms.
Additionally, in order to maximize the favourable effects of the jets on the trailing edge
noise, the location of flow control should be chosen such that prms minimum occurs near
the trailing edge.
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FIGURE 6.21. Pressure power spectral density at BL2, BL3 and BL4 and for
varying velocity ratios r and for nozzle spacings of (a) s = 1.5D, (b) s = 2.0D,
and (c) s = 2.5D.
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6.3.2 Surface Pressure Power Spectral Density
The surface pressure fluctuations play an important role in the far-field noise scattered
by the trailing edge. The behaviour of prms reveals the ideal streamwise location of
the jet nozzles in order to maximize the favourable effects of the jets at the trailing
edge. The power spectral density (PSD) of the pressure fluctuations (φpp) enables us
to determine the frequency ranges over which the surface pressure fluctuations are
reduced or increased as an effect of the jet injection. The surface pressure PSD can be
linked to the behaviour of the turbulence intensity formerly seen in Figs. 6.6 to 6.13
and in Figs. 6.14 to 6.16. In Fig. 6.21, the surface pressure power spectra are presented
for BL2, BL3 and BL4, for the velocity ratios of r = 0,1 and 2 and jet nozzle spacings
of s = 1.5D,2.0D and 2.5D. The surface pressure PSD results are observed to follow
a similar behaviour for all jet nozzle spacings, therefore the discussion of the results
will focus on the effects of jet injection ratio. The results for the r = 1 injection case
will be discussed first. At location BL2, an increase in φpp is observed for frequencies
f > 500 Hz. This range overlaps with the region of increased energy content observed
in ∆φuu at BL2 (see Figs. 6.17 to 6.19). At BL3, where the jet flows are expected to
merge together, a surface pressure PSD reduction of up to 5-6 dB is observed at low
frequencies ( f < 2000 Hz). Further downstream at BL4, the results show that the use of
the r = 1 injection leads to a robust reduction of the surface pressure PSD over the entire
frequency range of interest. The PSD results presented in Fig. 6.21 are consistent with
the prms results in Fig. 6.20 and the boundary layer energy content results in Figs. 6.14
to 6.16 and in Figs. 6.17 to 6.19.
In the case of r = 2 jet injection, the boundary layer manipulation results in a signif-
icant increase in φpp at both the BL2 and BL3 locations independent of the jet nozzle
spacing, which is consistent with the observations from the urms and ∆φuu results pre-
sented in Figs. 6.14 to 6.16 and Figs. 6.17 to 6.19. The broadband hump observed at BL2
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(a) Dimensionless velocity profile.
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FIGURE 6.22. Dimensionless velocity profile (a) and velocity-pressure cross-
spectra (b) at BL4 (x/D = 30) of the turbulent boundary layer for the base-
line case (r = 0) and for jet nozzle spacing s = 2.5D with the wall-normal
extent of the buffer layer, logarithmic layer and the wake layer also indi-
cated in the figure.
between 1 kHz and 3 kHz for the s = 2.0D and s = 2.5D jet nozzle spacing cases is ex-
amined later when discussing the pressure-velocity cross-spectra results. The pressure
fluctuations at BL4 for frequencies above 400 Hz, 700 Hz and 1 kHz for s = 1.5D, 2.0D
and 2.5D, respectively carry a larger spectral content than the baseline case (r = 0),
which is consistent with ∆φuu results observed at the same location (see Section 6.2).
From φpp, it can be seen that the higher velocity ratio (r = 2) is more effective in re-
ducing the pressure fluctuations in the low frequency region ( f < 1 kHz) than the lower
velocity ratio (r = 1), at BL4. However, as shown in Fig. 6.21, the use of high-speed jet
injection can lead to noise increase at high frequencies.
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FIGURE 6.23. Velocity-pressure cross-spectra at BL2, BL3 and BL4 for nozzle
spacing s = 1.5D and for velocity ratios r = 1 and r = 2.
6.3.3 Velocity-Pressure Cross Spectral Density
As shown in Figs. 6.17 to 6.19 and Fig. 6.21, the application of the inclined transverse
jets alters the spectral content of both velocity and pressure fluctuations. In order to
examine the spectral content of the velocity-pressure interaction, the coherence (nor-
malized cross-spectra, γ2pu) was calculated between the surface pressure and velocity
signals at different wall-normal locations. From a physical point of view, the velocity-
pressure coherence (γ2pu) represents the frequency dependent relation between the tur-
bulent flow structures and the surface pressure fluctuations. Therefore, this quantity
establishes a link between the turbulence within the boundary layer and the surface
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FIGURE 6.24. Velocity-pressure cross-spectra at BL2, BL3 and BL4 for nozzle
spacing s = 2.0D and for velocity ratios r = 1 and r = 2.
pressure fluctuations exerted on the surface of the plate.
The velocity-pressure coherence is presented for the baseline case (r = 0) in Fig. 6.22(b),
which provides an understanding on the contribution of the velocity fluctuations within
the boundary layer to the surface pressure fluctuations. In order to identify the contri-
bution of the different portions of the boundary layer to φpp, Fig. 6.22(a) presents the
limits of the buffer, logarithmic and wake layers for the baseline boundary layer (r = 0).
As can be seen from Fig. 6.22(a), a portion of the buffer layer has been resolved below
y+ < 30 (y/δ0 < 0.02) using the hot-wire measurement. The logarithmic layer is found
between 30 < y+ < 300 (0.02 < y/δ0 < 0.2), followed by the wake layer 300 < y+ < 2000
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FIGURE 6.25. Velocity-pressure cross-spectra at BL2, BL3 and BL4 for nozzle
spacing s = 2.5D and for velocity ratios r = 1 and r = 2.
(0.2< y/δ0 < 1) until the mean velocity reaches the value of the free-stream velocity. The
boundary layer regions shown in Fig. 6.22(a) are in good agreement with the numerical
data provided by Schlatter and Örlü [94] at a similar range of Reynolds number. The
velocity-pressure coherence results in Fig. 6.22(b) generally reveal that the nearer the
turbulent structures are to the wall, the more significant effect they play on the surface
pressure fluctuations exerted on the surface. A significant amount of the contribution to
φpp is originated from the velocity fluctuations below the logarithmic layer (y< 0.02δ0)
over the entire range of investigated frequencies, see Fig. 6.22(b). The logarithmic layer
(y ≈ 0.02−0.2δ0) also plays a significant role in γ2pu at low frequencies ( f < 1 kHz). Fi-
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nally, the wake layer (y> 0.2δ0), where larger structures are located, is associated with
lower levels of coherence at low frequencies.
Figures 6.23, 6.24 and 6.25 show the changes caused to the p− u coherence map
for s = 1.5D,2.0D and 2.5D, respectively, as a result of flow injection into the boundary
layer at different jet velocity ratios. In the case of jet injection into the boundary layer,
the flow undergoes significant changes, particularly in the near wall region (y < 0.3δ0),
making the presentation of the data with respect to dimensionless wall distance (y+)
rather difficult. Therefore, in the following discussions on the effects of the jet injection
(r > 0), the changes in γ2pu are analysed with respect to the baseline boundary layer
regions, see Fig. 6.22. Similarly to the φpp and ∆φuu results (see Fig. 6.21 and Figs. 6.17
to 6.19), the effect of jet nozzle spacing has a minor effect on the results and therefore
discussions are provided for the effects of jet injection on γ2pu for different jet velocity
ratio (r). Firstly, the coherence obtained from the application of the lower velocity ratio
(r = 1) is discussed. The results at BL2 in Figs. 6.23, 6.24 and 6.25 indicate that the
buffer layer (y< 0.02δ0) gives the highest contribution in terms of the velocity-pressure
fluctuations. This reveals that the spectral increase formerly observed in both φpp and
∆φuu at high frequencies (see Figs. 6.21 and 6.17 to 6.19) originates from the lowest
portion of the boundary layer. Another area of high correlation is found for all jet nozzle
spacings at BL2 (x/D = 4), at y = 0.05δ0, which is bounded both from the above and
below by quiet areas of communication, i.e. low γ2pu. Concerning the location BL3 (x/D =
14), a region of low correlation is found for all jet nozzle spacing cases at around 0.1δ0,
which separates the buffer layer and the wake layer. At BL3, the range of frequencies
where a low coherence was observed overlaps very well with the ranges characterised
by a reduction in both φpp and ∆φuu. From this, the flow control treatment seems to
have the effect of cutting the communication between some coherent boundary layer
structures with the surface, especially in the lower region of the boundary layer (y <
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0.2δ0). This mechanism contributes to the reduction of the surface pressure fluctuations,
see Fig. 6.21. Considering the results obtained at BL4 (x/D = 30), the coherence builds
up in the logarithmic layer (0.02 < y < 0.2), and γ2pu becomes similar to the baseline
case, see Fig. 6.22. This indicates that the flow recovery begins at an earlier stage than
BL4, which is in agreement with the prms results presented in Fig. 6.20.
Similar observations can be made regarding the γ2pu results for r = 2. The velocity-
pressure coherence maps in Figs. 6.23 to 6.25 show similar trends regardless of the
applied jet nozzle spacing (s). At location BL2, a highly correlated area can be observed
within the jet potential core, i.e. within y= 0.05−0.1δ0, between 1 kHz and 3 kHz. This
island of high correlation is stronger at s = 1.5D compared to s = 2.0D and s = 2.5D.
These islands of high correlation reveal that the cores of the jets are responsible for
the hump observed in the φpp results over the same frequency range (see Fig. 6.21).
Similar to the results for the r = 1 case, the communication between the velocity and
the pressure fluctuations is low in the areas adjacent to the jet core at BL2. Unlike
the r = 1 case, however, these quiet areas of communication can still be observed at
around y ≈0.1δ0 and y ≈0.3δ0 at BL4 for all jet nozzle spacings (s). It can therefore
be concluded that jet injections at higher flow rates can lead to the suppression of the
velocity-pressure coherence and the emergence of quiet zone within the boundary layer
over a longer streamwise distance. Finally, the coherence results presented in Figs. 6.23
to 6.25 reveal that the increase in φpp observed at high frequencies at BL4 is related to
the near-wall small-scale structures, as the γ2pu results indicate an area of high correla-
tion at BL4 within 0< y/δ0 < 0.05.
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FIGURE 6.26. Normalized cross-spectra (coherence) of spanwise microphone
signals at x/D = 27 for a nozzle spacing of (a) s = 1.5D, (b) s = 2.0D and (c)
s = 2.5D.
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FIGURE 6.27. Normalized cross-spectra (coherence) of spanwise microphone
signals at x/D = 27 for a nozzle spacing of (a) s = 3.0D, (b) s = 3.5D and (c)
s = 4.0D.
247
CHAPTER 6. MULTIPLE JETS INJECTION
6.3.4 Spanwise Extent of Turbulent Structures
According to Amiet’s model [8], the product of the spanwise extent of the turbulent
length scales (Λz) and the surface pressure spectra (φpp) drives the generation of far-
field trailing edge noise. While the pressure spectra is presented in Fig. 6.21, an esti-
mate of Λz is missing. In order to understand how the inclined jets affect the far-field
noise, their effect on the spanwise extent of the turbulent structures is investigated in
the following. Amiet defined the spanwise length scale of turbulent structures as shown
in Eq. (2.2), whereΛz is an integral quantity of the spanwise coherence, γ2z, over varying
separation distances ∆z. In order to examine the coherence at different ∆z, microphone
signals acquired at three spanwise spacings are considered, namely at ∆z/δ0 = 0.1,0.23
and 0.33, collected from the spanwise pressure transducer array located at x/D = 27,
near the trailing edge, see Figs. 6.26 and 6.27. An estimation of the spanwise extent
of the turbulent structures within the flow (Λz) is presented in Fig. 6.28 for the jet
nozzle spacing cases of s = 1.5D,2.0D, 2.5D, s = 3.0D,3.5D and 4.0D. This estimation
was obtained from Eq. (2.2) using the trapezoidal integration scheme to integrate the
spanwise coherence (γ2z). The spanwise coherence was calculated from surface pressure
signals using five different microphone spacings, i.e. ∆z/δ0 = 0,0.1,0.13,0.23 and 0.33.
It was found that the effect of transverse jets on the spanwise coherence, and therefore
on the spanwise extent of the turbulent structures, is similar for all jet nozzle spacings
(s). The values of γ2z and Λz (see Figs. 6.26, 6.27 and 6.28) show that the injection of
jets to the boundary layer can lead to both an increase or a reduction of the spanwise
extent of the turbulent length scales, depending on the jet velocity ratio. For r < 1.7,
both γ2z and Λz increase at all the frequencies under analysis regardless of the jet noz-
zle spacing, suggesting that the multiple jets applied at low jet velocity ratios increase
the spanwise extent of the turbulent structures. For the jets operating at higher veloc-
ity ratios, r ≥ 1.7, a significant broadband reduction of γ2z is observed for ∆z/δ0 = 0.1
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and 0.23, while the spanwise coherence slightly increases for ∆z/δ0 = 0.33. However,
Fig. 6.28 reveals that jet injection with r ≥ 1.7 can reduce the spanwise length of turbu-
lent structures over all frequencies.
6.3.5 Estimates of Far-field Noise
Figure 6.29 presents the far-field noise (Spp) estimated using Amiet’s trailing edge
noise model [8] for an observer location being 1 m above the trailing edge for all con-
sidered jet nozzle spacings (s = 1.5D,2.0D,2.5D,3.0D,3.5D and 4.0D). The far-field
noise (Spp) was also calculated for the observer being located at 1 m radius with po-
lar angles ranging between 0◦ and 180◦. The far-field noise overall sound pressure level
(OASPL) was obtained at different polar angles by integrating Spp between 100 Hz
and 10 kHz, whose results are presented in Fig. 6.30 for jet nozzle spacings of s =
1.5D,2.0D,2.5D,3.0D,3.5D and 4.0D. As was shown by Amiet [8], the generation of
the trailing edge noise is driven by the product of the boundary layer quantities φpp
and Λz, and therefore a reduction of the product of these two terms can result in the at-
tenuation of the far-field trailing edge noise. Both Figs. 6.29 and 6.30 show that the Spp
and OASPL results have a similar behaviour to the surface pressure spectra results (see
Fig. 6.21). Additionally, the effect of jet velocity ratio has a similar effect on the far-field
noise regardless of the jet nozzle spacing. The far-field noise (Spp) results show that the
use of jet injection with a velocity ratio of r = 1 can result in the mild reduction of the
trailing edge noise over the whole frequency range under analysis for all jet nozzle spac-
ing cases. Increasing the jet injection rate to r ≈ 1.4 leads to a stronger far-field noise
reduction, particularly at low frequencies. This is consistent with the surface pressure
data observed in Fig. 6.21, and also shows that the increase in the spanwise extent of
the turbulent structures observed at low frequencies in Fig. 6.28 does not affect the
noise reduction performances of the jets at low injection rates. At higher injection rates
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FIGURE 6.28. Estimation of spanwise extent of turbulent structures at x/D =
27 for jet nozzle spacings of (a) s = 1.5D, (b) s = 2.0D, (c) s = 2.5D, (d)
s = 3.0D (e) s = 3.5D and (f) s = 4.0D.
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FIGURE 6.29. Estimation of far-field noise for jet nozzle spacings of (a) s =
1.5D, (b) s = 2.0D, (c) s = 2.5D, (d) s = 3.0D (e) s = 3.5D and (f) s = 4.0D us-
ing Amiet’s trailing edge noise model with the observer located at a vertical
distance of 1 m above the trailing edge.
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(r ≥ 1.7), the far-field noise data show that a strong reduction of trailing edge noise,
of up to 5 dB, can be achieved at low frequencies ( f < 1−2 kHz). However, as seen in
Fig. 6.29, the use of high speed jets can also lead to an increase of radiated noise at high
frequencies, which is again consistent with the surface pressure results in Fig. 6.21.
Both Figs. 6.29 and 6.30 show that these changes the different jet velocity ratio (r) in-
duces in Spp and OASPL reduce in magnitude as the jet nozzle spacing (s) increases,
which is in agreement with the prms results presented in Fig. 6.20. To summarize, the
estimates of far-field noise show that the use of both the low speed and high-speed jets
can reduce the far-field noise, and could be used in various engineering applications,
such as engine blades, propellers, or wind turbine blades.
6.4 Conclusions
This chapter investigated the use of inclined transverse jets for the reduction of trailing
edge noise. An array of inclined transverse jet nozzles with a uniform spanwise distri-
bution was installed on the flat plate rig upstream of a trailing edge, with the aim of
controlling the hydrodynamic pressure field within the turbulent boundary layer. Si-
multaneous measurement of velocity with the use of hot-wire anemometry, and surface
pressure fluctuations using flush mounted microphones was performed at a number of
locations downstream of the active flow control treatment. Results were collected at jet
velocity ratios (r = u jet/u∞) ranging between r = 1 and r = 2. A wide range of jet spacings
(s) were also considered.
The turbulence statistics showed that the interaction between the jets and the bound-
ary layer generates a stable fluid layer characterised by a low turbulent energy content.
The jet flow associated with low energy content resulted in the reduction of the surface
pressure fluctuation energy exerted on the surface beneath the boundary layer. Accord-
ing to Amiet’s model of trailing edge noise [8], the product between the power spectra of
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FIGURE 6.30. Estimation of far-field noise overall sound pressure level for jet
nozzle diameter of D = 4 mm and for jet nozzle spacings of (a) s = 1.5D,
(b) s = 2.0D, (c) s = 2.5D, (d) s = 3.0D, (e) s = 3.5D and (f) s = 4.0D using
Amiet’s trailing edge noise model with the observer located at different
polar angles with a radial distance of 1 m away from the trailing edge.
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surface pressure fluctuations (φpp) and the spanwise extent of turbulent length scales
(Λz) is proportional to the far-field noise scattered from the trailing edge. The pressure-
velocity cross-spectral studies revealed that the fluid layer of low energy content ef-
fectively decouples the communication between the velocity fluctuations and surface
pressure fluctuations. This effect contributed to the attenuation of the power spectra of
surface pressure fluctuations (φpp). In particular, the application of jets with lower ve-
locity ratios (r < 1.7) resulted in a broadband reduction of φpp at the trailing edge, while
at higher velocity ratios (r ≥ 1.7) the reduction was more significant at low frequencies
with a slight noise penalty at high frequencies. The spanwise extent of the turbulent
length scales was also affected by the application of the inclined jets. Jets introduced
to the boundary layer with a low velocity ratio (r < 1.7) resulted in a slight increase of
the spanwise extent of turbulent structures (Λz). When feeding the jets into the bound-
ary layer with a higher velocity ratio (r ≥ 1.7), they significantly reduced the spanwise
extent of turbulent structures (Λz). The estimation of far-field trailing edge noise using
Amiet’s model revealed that transverse jets at low velocity ratios (r < 1.7) result in a
broadband reduction of the radiated noise. At high velocity ratios (r ≥ 1.7), a reduction
of far-field noise at low frequencies up to 5 dB was obtained, even if the far-field noise










CONCLUSIONS AND FUTURE WORK
T
his chapter summarises the main findings of the thesis and provides some
suggestions for potential directions for future research. Section 7.1 provides a
brief summary of the flow control techniques investigated in the present work
and draws attention to some of the key observations. Section 7.2 discusses how the
present work could be extended and utilised to tackle upcoming challenges in trailing
edge noise control.
7.1 Conclusions
This thesis investigates the use of active flow control methods for the reduction of trail-
ing edge noise. Experiments were conducted on a flat plate test rig equipped with an
interchangeable flow control section. Three different types of active flow control tech-
niques were considered in the current work, namely uniform inclined flow suction, uni-
form inclined flow injection and inclined transverse jets. The simultaneous measure-
ment of velocity fluctuations using hot-wire anemometry and surface pressure fluctua-
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tions using flush-mounted microphones enabled us to perform an in-depth investigation
of the hydrodynamic pressure field within the turbulent boundary layer downstream of
the flow control treatments. The energy intake of the proposed flow control methods was
estimated using the flow control severity, σ, which relates the momentum deficit of the
turbulent boundary layer to the momentum of the flow control system [12]. The surface
pressure measurements enabled us to predict the far-field trailing edge noise with the
help of Amiet’s trailing edge noise model [8]. According to Amiet’s model of trailing edge
noise [8], the product between the power spectra of the surface pressure fluctuations
(φpp) and the spanwise extent of turbulent length scales (Λz) is proportional to the far-
field noise scattered from the trailing edge. Therefore, the reduction of this product is
key to achieve a reduction in the far-field trailing edge noise.
Uniform inclined flow suction was applied upstream of the trailing edge. Four dif-
ferent flow suction angles were considered, namely α = 90◦, 70◦, 50◦ and 30◦. The flow
suction angle was defined such that it helps the entry of the boundary layer flow into the
flow control section. It was found that flow suction affected the entire turbulent bound-
ary layer. Considering the baseline boundary layer (i.e. no flow suction), the root mean
square velocity profiles presented as a function of dimensionless wall distance revealed
the presence of two peaks, one of them located in the near-wall region, the so-called in-
ner peak, and the other in the outer region, the outer peak. The boundary layer velocity
measurements showed that the flow suction can attenuate the outer peak of the root
mean square velocity profiles. The outer peak has been found to completely disappear
for the suction rates σ > 6. The inner peak, however, was found to remain insensitive
to the flow suction. Besides, the logarithmic region within the dimensionless velocity
profiles was also observed to diminish above σ> 6. These observations can serve as an
evidence for a tendency towards flow laminarisation when severe flow suction is applied.
The far-field trailing edge noise estimation using Amiet’s model showed that inclined
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uniform suction reduces the radiated noise over a wide range of frequencies. The most
significant amount of reduction in the estimated far-field noise was found at frequencies
between 200 Hz and 1-2 kHz, and it is obtained at a flow suction angle of α = 70◦
and for suction rates σ > 6. The results for the flow suction at 70◦ also reveal that
once laminarisation is achieved, the further increase in the suction severity does not
result in a more significant reduction of far-field noise. At frequencies lower than f =
200 Hz, the associated far-field noise increases significantly, as both the spanwise extent
of the turbulent structures and surface pressure fluctuations grow at low frequencies,
regardless of the flow suction severity and the suction angle.
In the second part of this thesis, we investigated the use of uniform inclined flow
injection for the manipulation of the boundary layer flow and the reduction of trailing
edge noise. Four different flow injection angles were applied, namely α = 90◦, 70◦, 50◦
and 30◦. The flow injection angle was defined such that the inclination helps the entry
of the injected air into the turbulent boundary layer. Results have shown that flow in-
jection triggers the development of a shear layer between the turbulent boundary layer
and the injected air. At low flow injection rates (σ ≈ 1.0), the shear layer remains in
the close vicinity of the wall and the turbulence intensity increases within the entire
boundary layer. At moderate flow injection rates (σ ≈ 1.8), an incipient separation oc-
curs downstream of the flow control treatment, but the flow reattaches upstream of the
trailing edge. The small separation bubble was filled with the injected air, and this re-
gion was characterised with low turbulence intensity. As a result of flow separation, the
shear layer moves farther from the wall than in the case of low flow injection rates. At
high flow injection rates (σ> 2.0), the turbulent boundary layer separated entirely from
the wall and no reattachment was visible. The large separation bubble was filled with
the injected air and this region was found to have low turbulence intensity.
The estimation of the far-field trailing edge noise using Amiet’s model revealed that
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inclined flow injection can result in the reduction of the radiated noise over a wide range
of frequencies. The location of the shear layer determines the trailing edge noise reduc-
tion capability of the flow control method. It was observed that the surface pressure
fluctuations increase when the distance between the shear layer and the wall is low,
and decrease when the distance between the shear layer and the wall is large. At low
blowing rates, the far-field noise was observed to increase, as in this case, the shear
layer was the closest to the wall. At moderate blowing rates, the shear layer moves
further away from the wall, therefore, its footprint has a less significant effect on the
far-field noise. At large blowing rates, when the boundary layer entirely separates, the
shear layer is the farthest from the wall. In this case, the injected air, located between
the shear layer and the wall, has low turbulence intensity and it can significantly re-
duce the surface pressure fluctuations. When only an incipient separation is triggered,
the use of α= 50◦ with moderate blowing rates (σ≈ 1.8) performed best in reducing the
far-field trailing edge noise above f = 300 Hz, with increasing it below 300 Hz. On the
other hand, when the boundary layer entirely separates as a consequence of severe flow
injection (α = 90◦,70◦, and σ > 2.0), more reduction in the far-field noise was achieved
using α = 70◦ at a blowing severity no larger than that is enough to trigger boundary
layer flow separation (σ≈ 2.4).
The use of inclined transverse jets was also studied for the reduction of trailing edge
noise. The jets were injected into the turbulent boundary layer with an inclination angle
of 15◦ with respect to the free-stream flow. The jet spacing (s) was varied over a wide
range between s = 1.5D and s = 4.0D, where D is the diameter of the jet nozzle and
it was kept constant. A wide range of jet velocity ratios (r = u jet/u∞) were applied to
investigate the effects of jet speed on the flow pattern and the predicted trailing edge
noise. The developed flow pattern was found to be similar for all cases independent of
the jet nozzle spacings. The turbulence statistics showed that the interaction between
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the jets and the boundary layer generates a stable fluid layer characterised by a low
turbulent energy content. The jet flow associated with low turbulent energy reduced
the energy content of the surface pressure fluctuations. The estimation of far-field trail-
ing edge noise using Amiet’s model revealed that transverse jets at low velocity ratios
(r < 1.7) result in a broadband reduction of the radiated noise. In particular, the appli-
cation of jets with lower velocity ratios (r < 1.7) resulted in a broadband reduction of the
predicted trailing edge noise, while at higher velocity ratios (r ≥ 1.7) the reduction was
more significant at low frequencies with a slight noise penalty at high frequencies.
To summarise, the three investigated active flow control methods were found to de-
crease the energy content of velocity fluctuations within the turbulent boundary layer.
The drop in the fluctuating energy content of the boundary layer structures reduces the
surface pressure fluctuations over a wide frequency range in all cases. The flow control
methods were also able to break-up the turbulent structures within the boundary layer.
Therefore, the estimates of the far-field trailing edge noise using Amiet’s model of trail-
ing edge noise revealed that each flow control method proposed in the framework of this
thesis could be an effective tool to reduce trailing edge noise. The proposed flow control
methods are suitable for use in various engineering applications, such as engine blades,
propeller aerofoils and wind turbine blades.
7.2 Recommendations for Future Work
The thesis can serve as a basis for future research for studying the effects of flow control
on the turbulent boundary layer and far-field trailing edge noise. As part of this work,
we explored and demonstrated that active flow control methods can be effective tools
to reduce the trailing edge noise. Our understanding of the effects of the flow control
methods designed as part of this study can be used to develop and explore other control
strategies, for instance, non-uniform or periodic flow control techniques. The proposed
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guidelines to better understand the effects of the flow control techniques on turbulent
boundary layers and far-field trailing edge noise are as follows:
1. Drag measurements would be essential to quantify the effects of the flow control
methods investigated in this thesis on the aerodynamic drag. The direct measure-
ment of drag using a force balance or the measurement of total pressure within
the wake of the flat plate test rig could shed light on the effects that flow con-
trol techniques have on the aerodynamic drag. As maintaining the aerodynamic
drag of the device is one of the most important aspects of an efficient flow con-
trol method, the quantification of drag could also help us to better understand the
overall benefits of the flow control techniques considered in this work.
2. The present flow control methods could be applied to an aerofoil. This would en-
able us to investigate the effects of the flow control methods on the lift and drag as
well. Besides, the effect of the adverse pressure gradient, i.e. the angle of attack,
could be studied with respect to flow control severity.
3. The current work uses a noise prediction tool for the estimation of the far-field
trailing edge noise. To improve our understanding of the effect of the flow con-
trol methods on far-field noise, direct measurement of the trailing edge noise in
an anechoic condition can be performed. This would allow us to find the links be-
tween the velocity and surface pressure fluctuations associated with the turbulent
boundary layer and the far-field noise.
4. The flow control methods introduced in this thesis could be made more complex
in two general ways. On one hand, the area of the flow injection and suction could
be made non-uniform. This could reduce the required amount of energy to operate
the flow control system. To do this, a parametric study is required to find the
spacing of the flow control section which can still reduce the far-field noise. On
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the other hand, the flow control method could be made periodic in nature, which
could also reduce the required energy of the flow control system. In this case, the
actuation frequency shall be determined such that the flow control method still
delivers a sufficient amount of noise reduction.
5. The flow control methods investigated in this work could be further studied us-
ing high-quality computational fluid dynamics simulations. Resolving the effects
of flow control methods on higher order turbulent statistics and turbulent struc-
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